Apoplastic carbohydrate metabolism during tomato fruit ripening by Dumville, Joanne
Apoplastic carbohydrate metabolism 
during tomato fruit ripening 
Joanne Dumville 
Doctor of Philosophy 
Supervisor: Prof. S. Fry 
I 
The University of Edinburgh 
September 2001  C) 
1 
Declaration 




To my parents and Amy 
'U 
Acknowledgements 
Firstly I'd like to thank Steve Fry for allowing me to do this PhD in his lab and for 
his constant support, enthusiasm and patience during the last three and a half years. 
Thanks also to Janice Miller for being so generous with her time and expertise. I am 
also grateful to lab colleagues, both past and present, for their advice and help. 
Special thanks to Ellen, Nick and Zoe for being so understanding, for putting up with 
me and for being such good tea drinking companions. 
During the last three and a half years several friends have been there through 
all the ups and downs and without whom everything could have gone pear-shaped on 
more than one occasion: to Amy, Anna, Kate and Nikki for being the most fabulous 
friends; just what the doctor ordered! And to Roy, thank you for listening to the 
moans the groans, thank you for being there. 




ACC 1 -aminocyclopropane- 1 -carboxylic acid 
ACO 1-aminocyclopropane-1-carboxylic acid oxidase 
ACS 1 -aminocyclopropane- 1 -carboxylic acid synthase . 
AH2 Ascorbate 
AIR Alcohol insoluble residue 
Ara Arabinose 
BA Benzoic acid 
BAW Butan-1-ol:acetic acid:water 
Cl Compound 1 
C2 Compound 2 
CDTA Trans-1,2-diaminocyclohexane-N, N, N', N'- 
tetraacetic acid 
CMC Carboxymethylcellulose 
CPM Counts per minute 
Cum. Sum Cumulative sum 
DCB 2,6-dichlorobenzonitrile 
De-est. De-esterified pectin 
DM50 Dimethylsuiphoxide 
DP Degree of polymerisation 
EAW Ethyl acetate:acetic acid:water 
EPyW Ethyl acetate:pyridine:water 
Endo-PG Endo-polygacturonase 
F Fraction number 
Fm Fructose 
FWT Fresh weight 
Gal Galactose 
GalA Galacturonic acid 
GIc Glucose 
v 
GPC 	 Gel permeation chromatography 
[3H]BA 	 [3H]benzoic acid 
[3H]BzG3 	 N-[3H]benzoylglycylglycylglycine 
[3H]BzK5Me 	 N-[3H]-benzyllysyllysyllysyllysyllysine methyl ester 
[3H]BzPA 	 [3H]-benzoylpolyallylanine 
HPLC 	 High-pressure liquid chromatography 
1MG 	 Immature green 
IP 	 Isoprimeaverose 
K 	 The partition coefficient use to define the elution 








ME Methyl esterified pectin 
MG Mature green 
Molecular weight 
niRNA Messenger ribonucleic acid 
0H Hydroxyl radical 
02 Superoxide 
PCW Plant cell wall 
P1W Protease inhibitor inducing factor 
PME Pectin methylesterase 
PPM Parts per million 
Rha Rhamnose 
SAM S-adenosyl methionine 


















	 Included volume 
V0 










1. INTRODUCTION 1 
1.1 The primary plant cell wall 1 
1.2 Structure of primary cell walls 2 
1.2.1 Cellulose 2 
1.2.2 Hemicelluloses 3 
1.2.2.1 Xyloglucan 3 
1.2.2.2 Non-xyloglucan hemicelluloses 6 
1.2.3 Pectin 6 
1.2.3.1 Primary structure 7 
1.2.3.2 Function 8 
1.2.3.3 Pectic gel formation 8 
1.2.3.4 Pectin gel conformation 8 
1.2.3.5 Localisation of pectin regions within the primary cell wall 10 
1.2.4 Structural proteins 12 
1.3 The assembled primary plant cell wall 16 
1.4 The tomato fruit apoplastic environment 21 
1.5 Tomato fruit ripening 25 
1.6 Tomato fruit anatomy 26 
1.7 The control of ripening 26 
1.7.1 The role of ethylene in fruit ripening, with special reference to the 
tomato 26 
1.7.2 Spatial pattern of ripening in tomato fruit 31 
1.8 Alterations primary cell wall structure during tomato fruit 
ripening 35 
1.8.1 Uronic acid residues of pectins 36 
1.8.1.1 Pericarp 36 
1.8.1.2 Locular material 38 
1.8.2 Neutral sugar residues of pectins 38 
1.8.2.1 Pericarp 38 
1.8.2.2 Locular material 39 
1.8.3 Hemicelluloses 39 
1.8.3.1 Pericarp 39 
1.8.3.2 Locular material 41 
1.9 Ripening-related proteins present in tomato fruit 41 
1.9.1 Endo-polygalacturonase 41 
viii 
1.9.2 0-1-4-Glucanases and XET 44 
1.9.3 Glycosidases 45 
1.9.4 Expansins 46 
1.10 A novel mechanism for non-enzymic scission of polysaccharides 
during ripening involving the production of hydroxyl radicals 48 
1.10.1 Could the Fenton reaction take place in fruits during ripening? 50 
1.11 Oligosaccharins 53 
1.11.1 Roles of PCW-derived oligosaccharins in defence responses 54 
1. 11 .2 Role for protease inhibitor inducing factors and protease 
inhibitors in defence responses 55 
1.11.3 Role of PCW-derived oligosaccharins in morphogeneisis and 
growth 56 
11. 1.4 Role of oligogalacturonides during fruit ripening 57 
1.11.4.1 Oligosaccharins prepared from pear cell walls can induce 
ethylene biosynthesis when added to pear cell cultures 57 
1.11.4.2 Pectic oligomers induce ethylene synthesis in orange fruit 58 
1.11.4.3 Pectic oligomers induce ethylene synthesis in tomato: influence of 
DP 59 
1.11.4.4 Neutral side-chains on uronic acid-containing oligomers may be 
important in tomato fruit ripening 60 
1.11.4.5 Pectic oligomers released from tomato exocarp may accelerate 
ripening in the endocarp by increasing the cells' sensitivityto 
ethylene 	 . 62 
1.11.5 Effect of free Gal in inducing ethylene biosynthesis in tomato 
fruit during ripening 63 
1.11.6 Role of N-glycan-containing oligosaccharins during fruit 
ripening 64 
1. 11.7 Oligosaccharins as cellular signalling molecules in vivo 65 
1.11.7.1 Signal transduction and structural specificity 65 
1.11.7.2 Transport and turnover 66 
1.11.7.3 Natural occurrence 67 
1.12 Aims of the present work 68 
2. MATERIALS AND METHODS 69 
2.1 General Chemicals 69 
2.2 Tomato fruit 69 
2.2.1 Growth 69 
2.2.2 Excision 69 
2.3 Extraction of low-Mr compounds from fruit 70 
2.3.1 Formic acid 70 
2.3.2 Extraction buffers 70 
2.3.3 Sampling apoplastic fluid 70 
2.3.3.1 For disaccharides 70 
2.3.3.2 For ascorbate 72 
2.4 Production of tomato fruit alcohol-insoluble residue 72 
2.5 Drying samples 72 
2.5.1 Speed vacuuming 72 
ix 
2.5.2 Freeze drying 72 
2.6 Separation methods 73 
2.6. 1 Gel-permeation chromatography 73 
2.6.2 Paper chromatography 73 
2.5.4 Thin-layer chromatography plates 74 
2.5.5 Hanging high-voltage paper electrophoresis 74 
2.5.6 High-pressure liquid chromatography 75 
2.5.7 Flat-bed electrophoresis 75 
2.5.8 Ion exchange chromatography 76 
2.5.9 Reverse-phase C18 column chromatography 76 
2.7 Assay of compounds 77 
2.7.1 Ascorbate 77 
2.7.2.1 Ascorbate oxidase 77 
2.7.2.2 DCP1P 77 
2.7.3 Total carbohydrate 77 
2.7.4 Hexoses 78 
2.7.5 Uronic acid 78 
2.7.6 Copper 78 
2.8 Visualisation of carbohydrates on paper chromatograms, paper 
electrophoretograms and thin-layer chromatograms 79 
2.8.1 Silver nitrate 79 
2.8.2 Aniline hydrogen-phthalate 80 
2.8.3 Molybdate stain 80 
2.8.4 Thymol—sulphuric acid stain 81 
2.8.5 Sulphonated ct-naphtol stain for flat-bed electrophoretograms 81 
2.9 Assay of radioactivity 81 
2.9.1 Aqueous samples 81 
2.9.2 Non-aqueous samples 81 
2.9.3 Autoradiography 82 
2.10 Composition of carbohydrates 82 
2.10.1 Acid hydrolysis 82 
2.10.2 Alkali hydrolysis 83 
2.10.3 Driselase digestion 83 
2.11 Introduction of compounds into tomato fruit 83 
2. 11. 1 Via the transpiration stream 83 
2.11.2 Vacuum infiltration 84 
2.11.3 Incubation of tissue pieces in buffer 84 
2.11.3.1 Effect of buffers on the incorporation of [ 14C]leucine into ripe 
tomato fruit pericarp 84 
2.11.3.2 Shaking tissue pieces in buffer 85 
2.12 Bioassays of Oligosaccharides 85 
2.13 Making radiolabelled gentiobiose 85 
2.14 Effect of ascorbate and organic acids on immature or mature 
green tomato fruit cell walls 86 
2.15 Production of BzG3, BzK5Me and BzPA 87 
2.16 Binding of BzG3 and BzK5Me to ripe tomato fruit pericarp 87 
2.16.1 Testing for hydroxyl radical production in tomato fruit tissue 88 
2.17 Isolation of total endogenous oligosaccharides from tomato fruit 88 
	
2.18 	Purification of endogenous neutral disaccharides from tomato 
fruit 	 89 
2.19 	Isolation of apoplastic oligosacchrides from tomato fruit 	90 
3. OLIGOSACCEARIIDES PRESENT DURING TOMATO 
FRUIT RIPENING 	 91 
3.1 The effect of formic acid on acid-labile glycosidic bonds 91 
3.2 Oligosaccharides present in tomato fruit 93 
3.2.1 Oligogalacturonides 93 
3.2.2 Conclusion on oligogalacturonides 102 
3.2.3 Identification of two neutral disaccharides isolated from ripe 
tomato fruit 105 
3.2.4 Concentration of disaccharides in tomato fruit tissue 113 
3.2.5 Possible occurrence of disaccharides as conjugates of a phenolic 
compound 120 
3.2.6 Turnover of gentiobiose 121 
3.2.7 Bioassays of neutral disaccharides 128 
3.2.8 Conclusion on neutral disacchrides 133 
4. NON-ENZYMIC POLYSACCHARIDE SCISSION DURING TOMATO 
FRUIT RIPENING 	 135 
4.1 Potential role of ascorbate as a pro-oxidant during tomato fruit 
ripening 135 
4.1.1 Tomato fruit ascorbate content 135 
4.1.2 Tomato fruit transition metal content 139 
4.1.3 Effect of ascorbate on tomato fruit primary cell walls 139 
4. 1.4 Effect pH, time, scavengers and ascorbate concentration on uronate 
solubilisation 142 
4.1.5 Molecule weight of ascorbate-solubilised polymeric material 146 
4.1.6 Monosaccharide composition of ascorbate-solubilised 
carbohydrate 146 
4. 1.7 Methyl ester content of ascorbate-solubilised pectin 146 
4.1.8 Effect of ascorbate on de-esterified and methyl esterified pectin in 
solution 151 
4.2 The effect of organic acids on tomato fruit primary cell walls 151 
4.3 Conclusion 156 
5. DETECTION OF HYDROXYL RADICALS DURING TOMATO FRUIT. 
RIPENING 	 157 




5.2.1 	[3H]BzK5Me 164 
5.2 Probes introduced via vacuum infiltration 
	 164 
xl 
5.3 	The introduction of probes into tomato fruit tissue 	 168 
5.4 [311]Benzoylpolyallylamine (BzPA) 	 171 




6.1 	Oligogalacturonides present during tomato fruit ripening 	180 
6.2 Neutral disaccharides present in ripening tomato fruit 183 
6.3 	Potential role of ascorbate-mediated hydroxyl production 




CONFERENCE ABSTRACTS AND PUBLISHED PAPERS 	216 
xii 
Abstract 
Fruit ripening is a complex process involving many biochemical changes that lead to 
alterations in fruit colour, taste, aroma and texture. Softening is largely due to 
alterations to, including disassembly of, the primary cell wall (PCW). The action of 
hydrolytic enzymes on PCW polysaccharides may play a role in fruit softening, but 
other processes could also contribute significantly. The breakdown of polysaccharides 
may also produce oligosaccharides; these could act as signalling molecules and, in turn, 
affect fruit ripening. 
Oligosaccharides were isolated directly from tomato fruit tissue; a series of 
homo-oligogalacturonides with a DP of 2-6 was identified in red-ripe and over-ripe 
fruit. Two glucose disaccharides, identified as gentiobiose and nigerose, were isolated 
from both mature green (MG) and red-ripe fruit. Gentiobiose was sometimes able to 
accelerate the initiation of ripening by approximately two days when vacuum infiltrated 
into MG tomato fruit, particularly when co-infiltrated with nigerose. The possible 
origin of these disaccharides is discussed. 
The hydroxyl radical ('OH), produced via a Fenton reaction in which ascorbate 
acts as a pro-oxidant, released pectin into solution in the presence of oxygen. 'OH 
production in vivo may be localised in the PCW by the positioning of metal ions such as 
Cu2  on pectins or glycoproteins. Probes (N-[ 3H]benzoylglycylglycylglycine, N-
[3H]benzoyllysyllysyllysyllysyllysine methyl ester and N- 
[3  H]benzoylpolyallylamine) 
used to detect *OH in the tomato fruit apoplast produced inconclusive results but 
suggested that this active oxygen species is present during ripening. The potential role 
of organic acids (ascorbate, citrate and oxalate) in fruit softening was evaluated in vitro 
on MG tomato fruit alcohol-insoluble residue (AIR). The incubation of tomato fruit 
AIR with naturally occurring chelators such as citrate and oxalate led to the 
solubilisation of uronate-containing material. It is suggested that these chelators may 
have a role in calcium chelation leading to fruit softening during ripening. 
The alteration of the PCW during ripening is likely to be the result of a number 
of processes. These processes may occur throughout the PCW or may occur in specific 
areas but their contribution to the softening process should not be over-looked in favour 
xiii 
of processes only involving hydrolytic enzymes, as this could lead to an over-simplified 
view of fruit ripening. 
xiv 
1 Introduction 
1.1 The primary plant cell wall 
The primary plant cell wall is composed predominantly of polysaccharides and 
glycoproteins that are assembled to form an extraprotoplasmic matrix around growing 
plant cells (Keegstra et al. 1973; Talmadge et al. 1973; Monro et al. 1976; McNeil et al. 
1984; Carpita and Gibeaut 1993). The components of the primary cell wall (PCW) are 
extremely heterogeneous and its architecture is very complex, the intricacy of this 
structure representing the many important roles the PCW is now known to have. As well 
as providing strength and rigidity to plant tissues the PCW's position outside the 
protoplast allows it to form a passive, resistant barrier against potential pathogenic 
invasion (Fry 1988). However, the 'solid' PCW is also structurally plastic and is able to 
loosen in a co-ordinated manner; this relaxation of the PCW allows it to extend and thus 
to accommodate the enlarging cell it surrounds. The integrity of the PCW itself is not 
compromised during extension; this means that new polysaccharides must also be 
synthesised and added to the growing wall, thus preventing it from becoming very thin. 
During such developmental processes as fruit ripening and abscission changes to 
the PCW also occur. Massive, co-ordinated disassembly of cell wall polysaccharides 
takes place; these changes are irreversible and lead to a loss of cell—cell adhesion (Jarvis 
1992). This breakdown of PCW polysaccharides as part of developmental processes or 
as a result of pathogenic attack may lead to the release of oligosaccharins, signalling 
oligosaccharides that have a wide range of suggested roles in the plant (Albersheim and 
Darvill 1985; Ryan 1988; Ryan and Farmer 1991; Darvill et al. 1992; Aldington and Fry 
1993; Fry et al. 1993; Côté and Hahn 1994; John et al. 1997). Therefore the timing and 
mechanism of polysaccharide synthesis assembly, and degradation is vital in many 
processes involving the PCW. 
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This study has focused on the structural polysaccharides and apopistic solutes of 
the tomato fruit PCW in an effort to investigate the metabolism of carbohydrates that 
occurs during the ripening process. 
The tomato fruit was chosen as the model fruit in this study for a number of 
reasons including their ease of growth and short generation time. Tomato fruit are 
economically an important cash crop and as such much research has been done both on 
their biochemistry and more recently on their genome. Thus there is a great deal of 
literature pertaining to the study of tomato fruit especially their genetic manipulation. 
1.2 Structure of primary cell walls 
Tomato fruit PCWs are similar in composition to most other dicot PCWs: they are 
composed of approximately 60% water and 40% polymers (Roelofsen 1965). After 
taking into account the density of polymers the actual volume of the wall filled by 
polymers is 30.7% for lupin cell walls (Monro et al. 1976). The dry PCW contains 
approximately 30% cellulose, 30% hemicellulose, 30% pectin and 10% protein. 
However, fruit PCWs may contain slightly more pectin than the average non-fruit PCW 
(Knee and Bartley 1981; Gross 1984). To comprehend the structure of the PCW in more 
detail it is important to study its components individually and understand how these 
interact to form the multi-functional PCW. 
1.2.1 Cellulose 
Cellulose is a polymer of -(1 --- *4)-linked D-glucOpyranOse residues; cellulose molecules 
aggregate to form crystalline or para-crystalline structures known as microfibrils. In turn 
these resistant microfibrils are organised into distinct layers known as lamellae that form 
the scaffolding of the PCW. Although the degree of polymerisation (DP) of the cellulose 
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in PCWs is hard to estimate, the cellulose present in PCWs has a lower and generally 
more disperse DP than that in secondary cell walls (Spencer and Maclachlan 1972). 
Microfibrils in PCWs are often helical and oriented perpendicularly to the axis of growth. 
In elongating cells the older microfibrils may be re-orientated until they are almost 
parallel with the axis of growth (Roelofsen 1965). 
1.2.2 Hemicellutoses 
The monosaccharide composition of hemicelluloses is very diverse: some contain only 
one or two types of monosaccharide residue and some contain several different 
monosaccharides. Hemicelluloses are not extractable from the PCW in hot water or 
chelating agents but are alkali-soluble. 
1.2.2.1 Xyloglucan 
The predominant hemicellulose in PCWs is xyloglucan; its basic structure is a 0-(I—>4)- 
linked glucan chain; approx. 75% of the GIc residues have a single (X-D-Xyl residue 
attached to the 0-6 position. These.Xyl residues can be further substituted at 0-2 with a 
single f3-D.Gal residue which, in turn, may be substituted at 0-2 by an u.-L-Fuc residue 
(Bauer et al. 1973; Bacic et at. 1988). Xyloglucan may also be substituted with O-acetyl 
groups (York et al. 1988). The side chains on xyloglucan lead the backbone to be 
partially indigestible and therefore upon treatment with cellulase a number of distinctive 
oligosaccharides are released, most notably a heptasaccharide and a nonasaccharide (Fry 
1986b). The nonasaccharide has been shown to have oligosaccharin activity and can 
affect pea stem growth (York et al. 1984). 
Xyloglucan is thought to bind to cellulose microfibrils via hydrogen bonding and 
act as a tether preventing uncontrolled movement of the microfibrils away from one 
another (Hayashi et at. 1984). Evidence for the formation of cellulose—xyloglucan cross- 
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links in vivo includes the finding that suspension-cultured tomato cells grown in the 
presence of 2,6-dichlorobenzonitrile (DCB), which inhibits of cellulose synthesis, secreted 
xyloglucan into the culture medium (Shedletzky et at 1990). This secretion of 
xyloglucan suggests that in the absence of cellulose there are no xyloglucan binding sites 
in the PCW. When normal PCWs were treated with alkali to remove hemicellulose from 
cellulose microflbrils it was observed that the remaining cellulose microflbrils aggregated 
(McCann et al. 1990); this inter-cellulose binding can be prevented by the tethering action 
of xyloglucan. This observation supports the presence of a cellulose—xyloglucan network 
which is important in maintaining cell wall integrity. The sugar side-chains on the 
xyloglucan are thought to affect the nature of cellulose—xyloglucan interactions by 
affecting backbone planarity and steric accessibility for binding as it is vital that the GIc 
backbone be available to allow optimal binding to cellulose (Levy et al. 1991). The 
hydrogen bonds between cellulose and xyloglucan are thought to have an important role 
in restricting cell expansion. Controlled breakage of these hydrogen bonds is an important 
factor in allowing cell wall loosening in order to accommodate a plant cell of increasing 
volume; expansin may have a role in the breakage of these hydrogen bonds (Cosgrove 
1997). Cleavage of the xyloglucan tethers may also be the result of transglycosylation 
reactions mediated by the enzyme xyloglucan endotransglycosylase (XET) (Smith and 
Fry 1991; Fry et at 1992), or hydrolysis by enzymes such as cellulase (Cleland 1981). 
Xyloglucan has been reported to form covalent associations with pectin in the PCW 
meaning that these two polysaccharide networks are linked (Bauer et al. 1973; Redgwell 
and Selvendran 1986; Fu and Mon 1995; Thompson and Fry 2000). 
In solanaceous plants 40% of the Glc residues in the backbone of xyloglucan have 
a Xyl residue attached rather than the 75% in other dicot xyloglucan. Of the reduced 
number of Xyl residues, up to 60% can be substituted with an cc-L-Ara residue at the 0-2 
position; these hemicelluloses are called arabinoxyloglucans (AXGs). Upon treatment 
with endo-(3-1-4-D-glucanase tomato AXG can also produce more unusual 
oligosaccharides in which the 13-(l--A)-linked Gic backbone has side chains such as 13-D- 
al 
Gal—(1—*2)—ct-D-Xyl and f3L-Ara_(1--*3)—a-L-Ara—(1—>2)—cL-D-XYl (York et al. 1996). 
The different side-chains of AXG may affect its properties, such as its solublity, in the 
PCW. Seymour et al. (1990) identified another unusual neutral polysaccharide extracted 
from ripe tomato fruit PCW in 4 M KOH. This polysaccharide material contained 4-0-
substituted Gic residues, and 4,6-di-0-substituted Gic, 4-0-substituted Man residues, 2-
0-substituted Xyl residues and 4,6-di-0-substituted Man residues ((x or J3 anomers not 
determined), indicating the possible presence of a xyloglucomannan. Both AXG and 
xyloglucomannan are thought to have roles similar to those of xyloglucan in the PCW of 
non-solanaceous plants. 
1.2.2.2 Non-xyloglucan hemicelluloses 
Xylans are also present in dicot PCWs although they are more prominent in grass PCWs. 
Xylans are composed of 0-(I —A) linked D-Xyl residues, which can be substituted at 
position 0-2 and/or 0-3 by L-Ara residues or at position 0-3 by a-D-G1cA residues. The 
Xyl residues may also be substituted with acetyl groups at the 0-2 or 0-3 position. 
Other non-xylogtucan hemicelluloses include mannans composed of 13-(1—>4) linked D-
Man residues. Galactomannans are formed when a single a-n-Gal residue is attached to 
the Man backbone at the 0-6 position and glucuronomannans are composed of a 
repeating (1—*4)-(X-n.Man—(1—*2)-13-D-GlcA backbone; the Man residues can be 
substituted at the 0-6 with a 3-D-Xyl residue or at the 0-3 with an a-L-Ara residue. 
Callose is a linear polysaccharide composed of f3-(1—>3)-linked n-Glc residues often 
found in the PCW as a response to wounding, or in the regenerating PCW of a protoplast 
(Shea etal, 1989). 
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1.2.3 Pectin 
1.2.3.1 Primary structure 
Pectins are the most chemically diverse group of polysaccharides found in the PCW, 
although a broad definition (Brett and Waldron 1996) states that pectic polysaccharides 
are those polysaccharides which (a) can be extracted from the PCW with chelator 
treatments or hot water and (b) contain galacturonic acid residues (GalA). 
The pectic fraction of the PCW can be divided in to four sub-groups namely 
homogalacturonan, rhamnogalacturonan I (ROT), rhamnogalacturonan TI (ROIl) and 
xylogalacturonan. Homogalacturonan is a linear polymer composed predominantly of 
unsubstituted ct-(1—*4) linked-D-GalA residues, which are interrupted approximately 
every 25 residues by an ct-L-Rha residue attached at the 0-2 position, which may 
introduce kinks into the polymer and provide a barrier to the action of pectin 
methylesterase (PME) (Powell et al. 1982). Homogalacturonan is a 'smooth region' of 
pectin with a low neutral sugar content and is interrupted by regions of RGI, a pectin that 
has a backbone repeating unit of (1—*2)-ct-L-Rha—(1—*4)-ct-D-GaIA (Talmadge et al. 
1973; Lau et al. 1985). About half the Rha residues of ROT are substituted at 0-4 by 
arabinan, galactan and arabinogalactan side-chains of various sizes (Knee et al. 1975; Lau 
etal. 1985). 
ROIl is an extremely complex pectic polysaccharide that is present in the cell wall 
at low concentrations, perhaps forming small parts of the hairy regions of pectin (Jarvis 
1984). ROIl has a backbone that contains at least seven cc-(I—A)-linked GalA residues; 
this backbone is highly substituted with oligosaccharides containing many different 
monosaccharide residues including more unusual residues such as D-apiose, 2-0-methy-D-
xylose and 3-deoxy-D-manno-2-octulosonic acid (KDO) (Darvill et al. 1978). ROIl is 
present in the cell wall as a dimer cross-linked by a borate di-ester binding to two apiose 
residues (Ishii and Matsunaga 1996; O'Neill et al. 1996). R011's structure is highly 
conserved throughout dicots, monocots and gymnosperms; this fact along with the 
complexity of the molecule suggests a potentially important role for ROIl. It has been 
suggested that the cross-linking of ROIl may have a role to play in controlling cell wall 
porosity (Fleischer et al, 1999). 
A further pectin type has been described: xylogalacturonan, which was first 
described by Aspinall et al. (1967) who found Xyl residues linked to the 0-3 position of 
GalA residues in apple pectin. This work is supported by Schols et al. (1995) who 
isolated Xyl-rich pectin after the enzymic treatment of de-esterifled high molecular weight 
apple pectin. Two thirds of the GalA residues in the Xyl-rich pectin fraction were 
substituted at the 0-3 position with a terminal j3-Xyl residue (Schols et al. 1995). 
Xylogalacturonan where the Xyl residues are attached to the GalA at the 0-2 or 0-3 
postion has also been found in the cell walls of carrot embryogenic callus (Kikuchi et al. 
1996). The authors suggest that the Xyl-rich pectin may play an important role in 
intercellular attachment between the cells in callus material. 
1.2.3.2 Function 
Pectin is thought to have many functions within the PCW; these include dictating the 
thickness of the wall, controlling the porosity of the PCW (Baron-Epel et al. 1988), 
regulating the pH and charge density of the apoplast (Nari et al. 1986; Grignon and 
Sentenac 1991) and acting as the glue between cells thus maintaining cell—cell adhesion 
(Jarvis 1992). The role of pectin in the PCW and cell—cell adhesion depends on the gel-
forming properties of pectic polysaccharides brought about by complex interactions in the 
cell wall. Textural changes are thought to take place during fruit ripening as pectic 
polysaccharides are solubilised and depolymerised by enzymic mechanisms (Fischer and 
Bennett 1991) or solubilised by non-enzymic mechanisms (Huber 1984; Jarvis 1984; 
Wade et al. 1992). Oligogalacturonides also act as biological signalling molecules 
(oligosaccharins) in plants (see section 1.11) 
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1.2.3.3 Pectic gel formation 
Pectic polysaccharides are secreted into the wall in a highly methyl esterified form and 
therefore are relatively uncharged, soluble and unable to form unwanted interactions 
before they reach their destination (Kauss and Hassid 1987). The action of PME removes 
some of the methyl groups in a blockwise fashion leaving segments of pectin with free 
carboxyl groups that are able to bind to Ca 2 present in the apoplast thus linking 
antiparallel chains via junction zones that lead to gel formation (Rees 1977). Shea et al. 
(1989) reported that in carrot isolated protoplasts highly esterified pectins were secreted 
just hours after removal of the PCW; once these pectins were de-esterified then gel 
formation quickly followed causing a pectin matrix to surround the cell. Highly methyl-
esterified pectic polysaccharides also form acid-type gels, which are not dependent on 
C2 (Jarvis 1984). These acid-type gels are normally formed in vitro in the presence of a 
high concentration of sucrose or other dehydrating agents. Methyl-ester groups are held 
together via a combination of hydrogen bonding and hydrophobic bonding. These types 
of gels do not form in the PCW; however, under acidic conditions some acid-type 
junction zones may form between partially methyl-esteried pectins along with Ca 2 
junction zones (Gidley et al. 1980). 
1.2.3.4 Pectin gel conformation 
Equilibrium dialysis of homogalacturonan gels showed that only 50(±5)% of calcium 
bound to the pectin could be displaced by large amounts of univalent cations (Morris et 
al. 1982). From this work the authors concluded that Ca 24-based junction zones are 
stable dimer structures in homogalacturonan gels that under hydrated conditions form 21 
helical structures with two GalA residues per 3600  turn; upon drying, the structure of the 
homogalacturonan changes to that of a 31 helix. These results were supported by 
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conformational calculations and competitive inhibition studies showing that dimerisation 
between adjacent de-esterifled homogalacturonan segments via Ca 21 forms the primary 
units of the junction zones (Powell et at. 1982). 
Some X-ray diffraction studies on homogalacturonan fibres have suggested that a 
homogalacturonan unit may be composed of four chains formed from two adjacent 
polysaccharides that loop to double the chain number (Walkinshaw and Arnot 1981); this 
homogalacturonan conformation has been attributed to non-hydration of the 
homogalacturonan where conformational changes have occurred upon drying. Circular 
dichroism spectra of homogalacturonan gels showed little difference in form between 
dimers of homogalacturonan formed at low calcium concentrations and larger aggregates 
formed at high calcium concentrations. This indicates that the conformational changes 
that take place during more extensive dimer formation are the same as those that take 
place during aggregation (Powell et al. 1982). In low calcium environments aggregates 
larger than dimers will not form; this is thought to be the case in the tomato cell wall 
(Jarvis 1984). There is an increase in Ca 21 binding to de-esterifled oligogalacturonides 
above a critical chain length (Kohn 1975, Morris et al. 1982, Powell et al. 1982); this 
would suggest that ordered conformations are involved in allowing Ca 2 binding to pectic 
chains. Oligogalacturonides with a DP of 12-16 were shown to bind co-operatively to 
Ca24  in solution (Kohn 1975). Statistical calculations on sequence length distribution 
carried out by Powell et al. (1982) led to the conclusion that Ca 2 binding of 2 1 helical 
homogalacturonan would require sequences with a minimum of 14 consecutive de-
esterified GalA residues in order to allow the co-operative binding and the formation of a 
stable junction zone (Powell et al. 1982). 
When methyl groups are removed from highly methyl-esterified 
homogalcturonans in the presence of Cat, gel formation occurs; the pectin becomes less 
soluble and ionic interactions can occur. The pattern of de-esterification would seem to 
be important in controlling homogalacturonan gel formation. If the methyl groups are 
removed by PIvIE in a blockwise fashion then homogalacturonan gels form when there is 
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still more than 45% methyl-esterification on the pectin. If de-esterification is more 
random (e.g. effected by saponification), lower levels of methyl esterification can be 
tolerated (Powell et al. 1982). This suggests that a homogalacturonan gel can form under 
fairly high degrees of methyl esterification as long as there are blocks of contiguous 
unesterified GalA residues that are able to form calcium bridges. However, junction 
zones may be able to tolerate a small number of individual methyl ester groups if each of 
these is paired with a carboxyl group on the opposite chain and if there is a high 
concentration of calcium in the system (Gidley et al. 1980). The blocks of pectin that are 
highly methyl esterified, or which contain neutral sugar side-chains, form inter-junction 
zones. These are regions of the pectin that remain unbound, preventing precipitation of 
the pectic polymer and allowing it to remain flexible. Pectic polysaccharides may further 
be covalently bound to each other and other components in the PCW (see section 1.3). 
1.2.3.5 Localisation of pectin regions within the primary cell wall 
In the developing root apex of carrot and oat, use of monoclonal antibodies has shown 
that the spatial localisation of methyl-esterified honioglacturonan can alter during 
development (Knox et al. 1990). Homogalacturonan regions lacking methyl-ester groups 
were probed in carrot root apex with the antibody JIM 5 and shown to be mainly 
localised on the inner surface of the PCW adjacent to the plasma membrane. They were 
also concentrated in the middle lamella and on the outer surface of the primary cell wall 
opposite the intercellular spaces. The JIM 7 antibody showed methyl-esterified regions 
to be spread evenly throughout the cell wall and middle lamella. However, the pectin in 
the middle lamella is thought to have a relatively low degree of methyl esterification and 
low neutral sugar concentration compared with pectin in the primary cell wall (Vreeland 
et al. 1989; Liners and Van Cutsem 1992; McCann and Roberts 1992; Roy et al. 1994). 
Some work suggests that the pectin in the middle lamella may be highly methyl-esterified 
(Selvendran 1985; Redgwell and Selvendran 1986), yet these pectins were still extracted 
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predominantly in CDTA so must also contain ionic bonds. In developing oat root apices 
JIM 5 epitopes were found in the cortical cells whereas JilvI 7 epitopes were localised in 
cells of both the cortex and the stele. Neither epitope was found in the root cap (Knox et 
al. 1990). 
Pectin forms part of the PCW and almost all of the middle lamella, which 
surrounds the PCW and acts as the glue that binds adjacent cells. The pattern of pectic 
breakdown during fruit ripening can affect the textural changes of the fruit: breakdown of 
the middle lamella pectin causes cell separation and breakdown of PCW pectin causes 
cells to split open (Crookes and Grierson 1983). During cell wall extractions it is hard to 
differentiate wall pectins from middle lamella pectins so they are often considered 
together. The low degree of methyl esterification of GalA residues in the middle lamella 
may mean that more pectin is ionically bound via Ca 2 cross-links. Therefore with 
sequential extraction using CDTA and Na 2CO3  the pectins of the middle lamella may be 
more readily extracted with CDTA; however, although the disruption of Ca 2' bridges 
allows some pectic solubilisation, covalent bonds between pectin and other 
polysaccharides and glycpproteins may still also be present. The highly methyl-esterified 
pectins in the primary cell wall may be less readily extractable in CDTA and so mainly 
present in subsequent Na2CO3 extracts owing to breakage of covalent cross-links e.g. 
ester bonds (Redgwell and Selvendran 1986). However, the distribution of pectins 
between the PCW and middle lamella is unlikely to be this simple and clear cut. 
Interestingly, concentrated solutions of CDTA-extractable and KOH-extractable pectins 
that had been sequentially extracted from the cell walls of immature green tomato fruit 
pericarp, converted to their potassium salt and adjusted to pH 6.5, formed two separate 
layers when mixed and left for 2 days followed by centrifugation. The CDTA-extractable 
pectin was predominantly localised in the upper of the two layers. It has been suggested 
that this phase separation may have a role in the organisation of polysaccharides in the 
PCW, specifically the targeting of newly formed pectins into the cell wall and/or middle 
lamella (MacDougall et al. 1997). 
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1.2.4 Structural Proteins 
The structural proteins of the PCW have been characterised and separated into 
five discrete groups according to their amino acid and carbohydrate content. Table 1 
briefly describes the main features and functions of each of these five groups. It is worth 
noting that many of these groups could be evolutionarily related, especially those which 
are hyrdoxyproline-rich (Showalter 1993). 
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Table 1.1 Structure and function of important cell wall structural proteins 
Protein group Reported Distribution Structural features SuEgested function 
Extensins • 	The cell wall of higher • 	Basic protein because of • 	Isodityrosine cross-linking 
plants especially when high Lys content, is increased by wounding 
growth has ceased; abundant • 	Rich in Hyp and Ser. Hyp and elicitors and may create 
in dicots (Showalter 1993). glycosylated with 1-4 Ma a barrier against pathogen 
• 	Concentrated in phloem and residues (Stuart and Varner attack (Lawton and Lamb 
cambium cells but not 1980). 1987; Bradley et al. 1992). 
exclusive to these regions • 	Ser-Hyp4 repeated motif in • 	The cross-linking of 
(Ye and Varner 1991; Ye et dicots (Smith et al. 1986). extensin may have an 
al. 1991). • 	Tyr-X-Tyr-Lys repeated important role in causing 
motifs, which allow cell wall tightening (Fry 
intramolecular isodityrosine 1982, 1986). 
bridging within extensin • 	Extcnsin and pectin may 
molecules (Fry 1982). cross-link. The control of 
• 	Di-isodityrosine bonds in this interaction may affect 
tomato cell culture formed the mechanical strength of 
from isodityrosine by the wall (Qi etal. 1995). 
elictors and 11202 (Brady  
and _Fry _1997).  
Glycine-rich proteins (GRPs) • 	The cell wall and cytoplasm • 	Primary structure composed • 	May provide a firm but 
of dicots and monocots of 70% Gly residues with flexible support to cells 
(Keller et al. 1989; Sturm some Ala and Ser residues prior to lignification (Keller 
1992). (Condit and Meagher 1986). et al. 1989) 
• 	Xylem vessel elements and • 	Isoelectricpoint of 5.1 • 	Strengthen cell walls in 
other lignified cells (Keller (Strum 1992) response to wounding 
et al. 1989; Ye and Varner (Showalter 1993) 
1991) 
• 	Maize GRP is localised to  
epidermal cells surrounding 
the embryo and embryonic 
leaves (Gómez et al. 1988). 
• 	Cell wall GRPs 
developmentally regulated. 
Cytoplasmic GRPs 
regulated by stress 
conditions (Condit et al. 
1990; Showalter et al. 1992)  
Proline-rich proteins (PRP) • 	The cell wall of dicots and • 	Characterised by repeating • 	Formation of cross-links 
monocots Pro-Pro motif may have defence role, (not 
• 	In dicots the pattern of • 	Contain equimolar Hyp and proven in vivo) (Ye et al. 
distribution is similar to that Pro residues (Showalter 1991) 
of GRPs although some 1993). • 	May also have role in 
PRP expression appears in controlling cell growth or 
cell types where extensin is division and nodule 
found (Ye et at 1991). formation (i.e. defence 
• 	Also found in the response) (van de Wiels 
parenchyma of plant nodules 1990). 
(Goverset al. _1991).  
Arabinogalactan proteins • 	Dicots and Monocots • 	2-10% Hyp; Ser, Ala and • 	May strengthen wall as part 
• 	Widely distributed through- Gly. Extensive of wounding response 
out plant cell types, but glycosylation of Hyp mainly (Fincher et at 1983) 
reported to be located either with Gal and Ara residues • 	Cell—cell recognition 
extraprotoplasmically or on (Fincher et al. 1983) (Pennell et at 1991). 
the plasma membrane • 	Developmental regulation 
(Clarke et at 1979; Pennell in floral morphogenesis 
etal. 1989) (Pennell et al. 1991). 
• 	Cell—cell adhesion (Fincher 
et al. 1983) 
• 	Lubrication (Fineher et at 
Z7, 
1983) 
Solanaceous lectins (SL) • 	Restricted to solanaceous • 	Glycoprotein with Mr of • 	Cell—cell interactions 
• plants. 50000 • 	May strengthen wall as part 
• 	Potato tuber lectin, the most • 	50% protein and 50% of wounding response 
studied SL, is found carbohydrate (by weight) (Casalongue and Pont- 
deposited in developmentally (Allan et al. 1978; Lezica 1985) 
- regulated manner; it appears Matsumoto et al. 1983). • 	Agglutination of oligomers 
in the cortex and pith of a . 	Carbohydrate mainly Ara of N-acetylglucos amine 
developing tuber before linked to Hyp; some Gal which may be on surface of 
being found throughout the linked to Ser residues (Allan pathogens (Showalter 
tissue of a mature tuber et al. 1978) 1993). 
including the epidermis, 
peridermis and the vascular 
bundle (Pont-Lezica et al. 
1991). 
1.3 The assembled primary plant cell wall 
The components of the plant PCW interact to form an extensible yet mechanically strong 
structure. How these interactions take place in order to build a PCW that fulfils the roles 
demanded of it has been investigated over a number of years and several models of the 
PCW have been suggested. Investigation of the PCW involves identifying potential 
cross-links between different specific wall components, and testing whether these cross-
links are present in vivo (Fry 1986a). The PCW is a 3-dimensional structure so in 
investigations of how the building blocks are linked together it is also important to 
understand the spatial arrangement of the components. The model of the PCW must also 
explain how the PCW is able to carry out its roles - especially its ability to loosen in a 
controlled manner in order to allow cell growth while maintaining structural integrity. All 
of these factors have made the elucidation of the PCW structure and how this relates to 
its functions a complex process. The primary structures of the components of the PCW 
are well understood; it is the interactions that lead to wall formation that remain 
somewhat controversial (Rose and Bennett 1999). 
A model of the PCW was put forward by Albersheim and co-workers in 1973. 
Using sycamore cell-suspension cultures as their model system the authors identified the 
components present in the PCW of these dicots cells (Bauer et al. 1973; Talmadge et al. 
1973) and then constructed a model describing the proposed interactions of these 
components (Keegstra et al. 1973). The cellulose microfibrils were proposed to be non-
covalently coated by a monolayer of xyloglucan. Xyloglucan was then covalently bonded 
to pectin via a glycosidic bond between the reducing terminus of the xyloglucan and a 
non-reducing terminus of the pectin (Talmadge et al. 1973). The arabinogalactan 
moieties of some pectic polysaccharides were suggested to br covalently attached to 
hydroxyproline-rich proteins via the hydroxyl group of a Ser residue (Talmadge et al. 
1973). However, for this bonding to be possible, the reducing terminus of a 
rhamnogalacturon I an and/or homogalacturonan would have to be attached to a non- 
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reducing terminus of arabinogalactan, and this type of bond has not been proven. Cell 
wall extension was thought to be mediated by chemical creep induced by the temporary 
breakage of celluose—xyloglucan non-covalent bonding by acidification of the wall 
induced by the growth-promoting hormone auxin. However, experiments investigating 
the binding of radiolabelled xyloglucan oligosaccharides (DP 7-9) to cellulose at a range 
of pH values below pH 7 showed that as the proton concentration increased the binding 
of xyloglucan to cellulose became slightly stronger not weaker (Valent and Albersheim 
1974). 
New methods of looking at the PCW involving Fourier transform infra-red 
microspectroscopy (FTIR) and electron microscopy by McCann et al. (1990, 1992) have 
led to the development of new models of PCW structure by Roberts and McCann (1992) 
and Carpita and Gibeaut (1993). The PCW model suggested by McCann and Roberts 
(1992) describes the arrangement of the polysaccharides of the PCW as cellulose and 
xyloglucan forming a co-extensive network surrounded by an independent pectin matrix. 
However, the Carpita and Gibeaut model expands on this model by including a structural 
protein domain (namely extensin) and explaining how the xyloglucan network is disrupted 
during cell wall loosening promoted by the action of hydrolysases and transglycosylases 
(Smith and Fry 1991; McQueen-Mason et al. 1993), as well as changes in PCW pH 
(Cleland 1981) and expansins (McQueen-Mason and Cosgrove 1994; Cosgrove 1997). 
The authors suggest that structural proteins like extensin may be responsible for locking 
the PCW into shape once elongation is completed. 
The use of electron microscopy, rather than only chemical and enzymic 
approaches to understanding PCW polymer interactions, has allowed a picture of the 
spatial arrangement of cell wall components to be built up. The number of lamellae in the 
walls was estimated; the total thickness of the wall (-0.1 urn) will accommodate 3-6 
lamellae spaced 20-40 tim apart (McCann et al. 1990). Electron microscopy studies on 
cellulose microfibrils showed that during cell extension they are not all in the same 
orientation and during cell elongation the microfibrils re-orientate: initially they are 
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aligned transversely to the axis of growth, but become longitudinally aligned as growth 
continues (Preston 1982). The microfibrils must resist great longitudinal and radial 
pressure being exerted by the turgid protoplast on the wall (Carpita and Gibeaut 1993). 
The PCW models suggested by McCann and Roberts (1992) and Carpita and Gibeaut 
(1993) suggest that xyloglucans, which are hydrogen-bonded to cellulose, tether the 
cellulose microfibrils and span the region between adjacent microfibrils; this tethering of 
the microfibrils allows the PCW to resist the pressure exerted on it by the protoplast. The 
xyloglucans vary in length between 20 and 700 am but the majority are about 200 pm 
long. The length of the xyloglucan molecules in relation to the spacing of the lamellae 
would indicate that one xyloglucan chain could bind to several adjacent lamellae (Hayashi 
et al. 1987; Fry 1989; McCann et al. 1990). Xyloglucans extracted from PCWs are water-
soluble in the absence of cellulose apart from a small proportion of the molecules which 
interact and precipitate after dialysis against water (Carpita and Gibeaut 1993); the 
removal of water from PCW xyloglucan causes the crystallisation of some xyloglucan 
(Millane and Narasaiah 1992). This evidence has led Carpita and Gibeaut (1993) to 
postulate that there may be two types of xyloglucan in muro: one that coats the cellulose 
microfibrils and another group that interacts with these surface-coating molecules along 
one face and spans the regions-between the microfibrils. The presence of more than one 
xyloglucan domain in the PCW is supported by Pauly et al. (1999); they isolated 
xyloglucan that spans the region between cellulose microfibrils using a xyloglucan-
specific endotransglycosylase and xyloglucan proposed to be closely associated with 
cellulose microfibrils using concentrated potassium hydroxide. These authors also 
suggest a third type of xyloglucan domain where the xyloglucan is entrapped within 
cellulose microfibrils and is only extracted by treatment of PCWs with cellulase. Of these 
extracted xyloglucans only the enzyme-isolated xyloglucan was significantly metabolised, 
supporting the view that the modification of the xyloglucan spanning microfibrils is 
required to allow cell growth (Pauly et al. 1999). 
The removal of the pectin network does not affect the structural integrity of the 
cellulose—xyloglucan network (McCann et al. 1990; Talbot and Ray 1991; Wells et al. 
1994). The PCW models suggested by both McCann and Roberts (1992) and Carpita 
and Gibeaut (1993) describe the pectin network as being separate from the cellulose-
xyloglucan matrix, as complex interactions between pectic molecules allow the pectin to 
form an independent matrix. However, pectin is thought to associate with hemicelluloses 
and covalent interactions between xyloglucan and pectin have been reported (Bauer et al. 
1973; Redgwell and Selvendran 1986; Fu and Mort 1995; Thompson and Fry 2000). It is 
not known if these interactions have any bearing on the behaviour of the cellulose-
xyloglucan network or on pectin itself Work by Taylor et al. (1990) showed that 
removal of pectin from the PCW causes an increase in the mobility of the xyloglucans. It 
has been reported that pectins in the PCW may be cross-linked to other pectins and to 
different polysaccharides, although not cellulose, via ester-bonded diferulate groups (Fry 
1982) or uncharacterised galacturonoyl-ester bonds (Brown and Fry 1993). 
The best characterised glycoproteins in the PCW are extensins, to which the 
arabinogalactan moieties of pectin were proposed to be covalently bound in the 
Albershiem PCW model (Keegstra et al. 1973). However, it is important to note that at 
the time this model was described extensin was the only PCW structural protein that was 
known; more recent work has described the presence of AGPs (Fincher et al. 1983). 
Since these glycoproteins contain arabinogalactan covalently bonded to Ser and/or Hyp 
groups, these side chains may have been confused with those of pectin. Further reports 
of covalent RGI—extensin interactions have appeared (Qi et al. 1995). De-esterified free 
carboxyl groups on pectin may lead to ionic interactions with extensins, which are basic 
proteins owing to their lysine content; however, galacturonoyl amide bonds between 
GalA residues and Lys residues in extensin have also been reported (Perrone et al. 1998). 
Extensins are able to cross-link via the oxidative coupling of tyrosine residues to 
form isodityrosine in a reaction catalysed by peroxidases (Fry 1982, 1986a). Di-
isodityrosine residues are also produced in wall glycoproteins of suspension-culture cells, 
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especially in response to fungal elicitors (Brady and Fry 1997). The cross-linking of 
extensin has been proposed to lead to the formation of a protein network, which may 
have a role in controlling cell expansion and in defence responses. Lamport (1986) 
suggested a modified warp—weft cell wall model describing how extensins could be 
important in controlling cell wall tightening during growth via the formation of 
intermolecular isodityrosine bonds between extensin molecules that are wrapped around 
and span the region between cellulose microfibrils. Lamport has also suggested that the 
breakage of extensin cross-links may facilitate cell expansion by allowing microfibrils to 
move apart; this suggestion has not been supported by convincing data. However, an 
unspecified inhibitor (M1  <1000) of extensin peroxidase activity has been isolated from 
tomato cell-suspension culture (Brownleader et al. 2000). Tomato seedlings treated with 
the inhibitor showed increased growth compared with control plants; this increase in the 
extent of growth was explained by a reduction in extensin cross-linking leading reduced 
wall strength thus allowing an increased extent of cell expansion. In the Carpita and 
Gibeaut PCW model extensins are thought have a role locking the cell wall 
polysaccharides into place at the end of elongation via interactions with cellulose as there 
is a correlation between increased extensin deposition in the cell wall and the cessation of 
growth (Sadava et al. 1973). Other proteins such as PRPs may be involved in cell wall 
cross-linking and it has been suggested that PRPs may lock extensin molecules together 
(Datta et al. 1989). A potential relationship between extensins and PRPs is supported by 
the observation that the deposition of PRPs in the cell wall increases at the same time as 
extensin deposition (Hong et al. 1989; Ye et al. 1991). Transgenic plants with reduced 
levels of extensin in their cell walls have phenotypes similar to wild-type plants; this 
suggests that other structural proteins may replace extensins when cell wall strengthening 
is required (Jamet et al. 2000). 
The first cell wall models suggested that that the PCW contained much non-
covalent bonding, namely hydrogen bonding, although the author recognised the 
importance of covalent bonding between cell wall components, especially in the potential 
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binding of proteins in the PCW (Preston 1952). It was the model put forward by 
Albersheim and co-workers in 1973 that highlighted the importance of covalent bonding 
between PCW components as well as non-covalent bonding. These ideas have been 
enhanced by new investigations into cell wall structure and led to new PCW models being 
suggested to explain how a functioning cell wall is formed. 
1.4 The tomato fruit apoplastic environment 
The apoplast can be defined as the compartments of the cell that lie beyond the 
plasmalemma with its borders being formed by the outer surfaces of the plant such as the 
cuticle (Sattelmacher 2001). Thus the apoplast surrounds and permeates the structural 
components of the PCW and has many important functions including the regulation of 
ionic, mechanical and osmotic properties of the PCW during cell growth and other 
processes such as fruit ripening (Grignon and Sentenac 1991). Tomato fruit apoplastic 
sap can be extracted for study in several different ways including direct centrifugation of 
apoplastic fluid from tissue (Dannel et at. 1995) or by vacuum infiltration of buffer into 
tissue followed by centrifugation (Zheng et at. 2000). However, these methods are not 
ideal when extracting the apopaist i.e fluid from tomato fruit, especially ripe fruit, as the 
tissue could be described as being distressed and cells may not withstand centrifugation. 
The cutting and excision tissue would also result in a high ratio of cut surface area to 
tissue volume leading to much contamination with symplastic material. Instead, fruit 
apoplastic fluid can be extracted using the pressure dehydration method (Ruan et at 
1995). Whole fruit is placed in a Scholander pressure bomb; a 23 gauge needle attached 
to a syringe barrel is then inserted into the pericarp to a depth of 2 mm. Pressure (0.6-
0.7 MPa for unripe fruit and 0.3-0.5 MIPa for ripe fruit) is applied gradually at 0.01 MIPa 
to the fruit and approximately 100 R1  of sap is collected (the first 20 jil of sap collected 
in the barrel is discarded to ensure no contamination by symplastic material released by 
piercing with the needle) (Ruan et at. 1995; Almeida and Huber 1999). 
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The apoplast acts as a reservoir of solutes eg. Ca 2 , that can potentially bind to 
cell wall polysaccharides, as well as containing sugars, organic acids, enzymes and other 
constituents of the PCW. The protoplast has an osmotic potential more negative than 
that of the apoplast; thus water tends to move into the protoplast from the apoplast (Taiz 
and Zeiger 1998). The difference in osmotic potential between the protoplast and 
apoplast dictates the magnitude of the turgor pressure that is exerted upon the cell wall. 
The osmotic potential of the tomato fruit pericarp apoplast has been reported to 
increase from —0.24 MPa in immature green fruit (1MG) to —0.16 MPa in mature green 
(MG) fruit before decreasing again to —0.32 MIPa in red-ripe fruit, whereas the total 
osmotic potential of the apoplast and symplast decreased from —0.63 MIPa in 1MG to - 
0.73 MIPa in red-ripe fruit (Almeida and Huber 1999). However, Shackel et al. (1991) 
reported that total osmotic potential in MG tomato fruit decreased from —0.63 MPa to 
—0.73 MPa and then increased again to —0.66 MPa in red-ripe fruit. Using a pressure 
microprobe to measure the turgor pressure of pericarp cells 200-500 pm below the 
epidermis in tomato fruit Shackel et al. (1991) observed that as ripening progressed there 
was an initial increase in turgor pressure of cells followed by a decrease. This increase 
and subsequent decrease in turgor pressure corresponds to the increase and decrease in 
apoplastic osmotic potential reported by Almeida and Huber (1999). The turgor pressure 
of pericarp cells is much less than would be expected given the osmotic potential of the 
tissue (Shackel et al. 1991), the authors concluded that the solutes of the apoplast 
contribute disproportionately to this osmotic potential. Therefore relationship between 
apoplastic osmotic potential and turgor pressure is likely to be more important than the 
relationship between total tissue osmotic potential and turgor pressure when it comes to 
explaining the decrease in turgor pressure during ripening (Shackel et al. 1991). 
Decreases in turgor pressure may lead to decrease in fruit tissue firmness (Shackel et al. 
1991); the presence of increased solutes in the apoplast may also increase the hydration 
and swelling of the pectin in the PCW by affecting the nature of the Donnan free space 
and increasing the amount of water moving from the water free space into the Donnan 
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free space (Tibbits 2000). The increased hydration of pectic polysaccharides may also 
lead to textural changes in the tomato fruit (Tibbits 2000). 
The apoplastic pH of ripening tomato fruit has been measured (Almeida and 
Huber 1999); the pH decreases from 6.7 in 1MG to 4.4 in red-ripe fruit. The apoplastic 
pH of peach and apricot fruit also decrease from 7 to <4.5 during ripening (Ugalde et al. 
1988). The change in the apoplastic pH of tomato fruit may regulate the activity of PCW 
enzymes, as could changes in cation concentration during ripening where the 
concentration of apoplastic K increases 3-fold during ripening (Almeida and Huber 
1999). The hydrolytic action of endo-polygalacturonase (PG) has an optimum pH 5.0 in 
vitro in the presence of K (Chen and Huber 1998) compared to an optimum of 4.5 in the 
presence of Na ions. Increasing the iC concentration at pH 4.5 stimulated pectin 
solubilisation from AIR by endo-PG in vitro but had hardly any effect at pH 6. 
Regulation of PME activity during tomato fruit ripening is also important and isoenzymes 
of PME have significant activity below pH 6 (Giovane et al. 1994). Changes in pH may 
also have non-enzymic effects on PCW integrity during fruit ripening. Knee (1982) 
proposed that the decrease in the pH of the PCW could cause calcium displacement, 
which leads to pectin solubilisation in pome fruit. It has been calculated that in a PCW 
where GalA residues have a pKa of 3.5, acidification to pH 4.5 would release 10-30% of 
its bound Ca2 (Jarvis 1984). However, this release would be more likely to come from 
secondary aggregates of pectin, leaving the primary dimer units unaffected, thus leaving 
the pectic gel largely intact (Jarvis 1984). It has also been suggested that monovalent 
cations such as Na may compete with Ca2t  for pectin binding more efficiently at lower 
pH (Wuytack and Gillet 1978). 
Organic acids increase in tomato fruit tissue once ripening-associated colour 
changes have been initiated (Dalal et al. 1966); membrane permeability also increases 
during ripening (Vickery and Bruinsma 1973; Legge et al. 1996) and this may lead to an 
increase in the amount of organic acids in the apoplast during ripening. It has been 
suggested that by being Ca 2 -chelators the organic acids could disrupt Ca 2 cross-linking 
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in the PCW, leading to pectin solubilisation (Brady 1987). Oxalic acid released from 
plant-invading fungi causes tissue breakdown, perhaps by chelating C2 from the wall 
(Godoy et al. 1991). MacDougall et al. (1995) estimated the concentration of organic 
acids in tomato fruit cell walls using a non-aqueous extraction technique involving the 
fast freezing and grinding of tomato pericarp discs in liquid nitrogen and the collection of 
small particulate material 25-100 m in size, assumed  to be cell wall-rich. This material 
was used to estimate the concentration of organic acids in the apoplast of the ripe tomato 
pericarp. The organic acids were extracted from the wall particles with 1% TFA and 
measured using HPLC. The authors suggest that this method allows very little 
contamination of the cell-wall-rich extract with organic acids originating from the 
protoplast. The authors' measurements were oxalate = 11 nmollpmol uronic acid, 
citrate = 25 nmoli'p.mol uronic acid and malate = 1.5 nmollRmol uronic acid. The 
amounts were calculated with the assumption that there is no P 1 in the apoplast of ripe 
tomato fruit and the authors used Pi measurements to correct for contamination of the 
wall particles by protoplast contents. This method led the authors to suggest that the 
citrate and malate estimates were near to the limit of detection of the method and that 
only the oxalate figure was accurate (MacDougall et al. 1995). The authors also 
measured levels of Ca2 , Mg2  and unesterified uronic acid in the PCW of the ripe tomato 
fruit and estimated the potential for ionic interaction between C2 and organic acids 
using a computer program designed to predict equilibria in complex mixtures. They 
concluded that there was not enough organic acid in the ripe tomato fruit apoplast to 
complex sufficient Ca 2+  to contribute to pectic polysaccharide solubilisation. However, if 
the assumption that there is no P 1 in the PCW is false, some of the organic acid that was 
assumed to be derived from the protoplast may actually have originated in the apoplast. P, 
has been suggested to be present in the apoplast (Ruan et al. 1996; Almeida and Huber 
1999). Thus the amount of organic acid in the cell wall of ripe tomato fruit could have 
been underestimated and the hypothesis that organic acids may have a role modifying 
pectic polysaccharides during ripening could still be valid. 
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1.5 Tomato fruit ripening 
Fruit ripening is one of the final stages of ontogeny in angiosperms and is one mechanism 
which plants have evolved in order to facilitate seed dispersal. The process of ripening 
aids this dispersal by increasing the appeal of fruit to animals through changes in tissue 
colour, texture, flavour and aroma; in climacteric fruits, such as tomato fruit, these 
changes are preceded by, and are thought to be co-ordinated by, an auto-catalytic 
increase in ethylene production. This mode of ethylene biosynthesis, under positive 
feedback control, is referred to as 'system II'; this is in contrast to 'system I', the 
ethylene production system common to both climacteric and non-climacteric fruits 
(McMurchie et al. 1972). Ripening precedes senescence of the fruit tissue but 
differentiation between the two processes is subjective. Ripening certainly increases the 
chance of injury to fruit tissue as it softens, and injured tissue is much more susceptible to 
microbial infection and dehydration (Brady 1987). Whether this makes ripening part of 
the senescence process leading to programmed cell death is a matter of debate. 
Until relatively recently ripening was thought of as a catabolic process caused by 
the breakdown of cellular compartmentalisation and thus passively affecting the internal 
organisation of the fruit tissue. This theory of 'organisational resistance' is supported by 
evidence that the cell membrane permeability is increased during ripening (Vichery and 
Bruinsma 1973, Brady et al. 1970). Although this work is still valid, over the last 20 
years biochemical and molecular biological work has shown that the ripening process is 
also a genetically controlled event, with the accumulation of specific mRNAs and proteins 
prior to ripening (Fischer and Bennett 1991). This has led to fruit ripening being 
recognised as an active, complex, biochemical and developmental process that is tightly 
regulated. 
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1.6 Tomato fruit anatomy 
The ripe tomato fruit is composed of several different anatomical parts (Fig. 1.1). The 
pericarp, composed of the exocarp and endocarp, is formed from the ovary wall and 
surrounds the placental material and seeds. The placental material surrounds the seeds 
but remains separate from them and the pericarp; together the placental material and 
seeds fill the locular cavity. In MG and ripening fruit the placental tissue surrounding the 
seeds has undergone liqefaction and become jelly-like. The locular cavity is split into 
chambers by radial pericarp tissue. The collumella tissue runs directly through the centre 
of the tomato fruit from the proximal to the distal end. 
1.7 The control of ripening 
1.7.1 The role of ethylene in fruit ripening, with special reference to the 
tomato 
The onset of ripening in the tomato fruit is characterised by the initiation of autocatalytic 
ethylene biosynthesis followed by an increase in respiration rate that peaks prior to the 
peak of ethylene production (Rhodes et al. 1980). In banana fruit the peak of ethylene 
biosynthesis and respiration occur at the same time; however, as with most climacteric 
fruit, it is still an initial increase in ethylene production that occurs prior to or inseparably 
from any respiratory changes (Biale and Young 1981). Exogenously applied propylene 
will lead to the rapid onset of ripening in mature, unripe banana fruit. Unripe tomato fruit 
do not respond to exogenous propylene by showing increases in ethylene biosynthesis 
over a short time period. However, the fruit do show a decrease in the time it takes 
before autocatalytic ethylene production in the fruit is initiated and ripening occurs 
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Fig 1.1 The ripe tomato fruit. The sketches show a fruit cut in half longitudinally (left) or equatorially (right) 
So even though tomato fruit are autocatalytic, this response cannot be induced in unripe 
tomato fruit as it can in fruits that are more sensitive to endogenous ripening hormones. 
It is concluded that an increase in ethylene biosynthesis marks the onset of ripening in 
most climacteric fruits including tomato and that any climacteric respiratory rise is 
ethylene-dependent. In tomato fruit left to ripen on the vine, Shellie and Salviet (1993) 
observed no increase in respiration rate despite an increase in ethylene biosynthesis and so 
concluded that the increase in respiration is not required for fruit ripening. However, this 
work has been challenged by other workers (Andrews 1995; Knee 1995) and the 
conflicting ideas have yet to be frilly resolved. 
methionine 
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Fig. 1.2. Final part of the ethylene biosynthetic pathway (Yang and Hofihian 1984; 
Kende 1989) 
In pre-climacteric fruit ACS (Fig. 1.2) is the rate-limiting enzyme in the biosynthesis of 
ripening-associated ethylene since pre-climacteric tomato fruit contain some SAM and 
have the ability to convert exogenous ACC into ethylene, increasing the concentration of 
ethylene in the fruit almost 5-fold (Fig. 1.2) (Yang 1981). However, the levels of ACC 
and ACO must increase during ripening in order to allow the production of ethylene at 
rates that can be over 300 times higher than levels present in pre-climacteric fruit (Table 
1.2). 
Table 1.2. Climacteric ethylene production during ripening of different fruits. 
Internal ethylene concentration in fruits during 
rinenin (mimi 
Fruit Pre- Onset of Post- Fold increase Reference 
climacteric ripening climacteric in 
concentration 
of ethylene 




Tomato 0.08 0.8 27 340 Lyons 	and 
Pratt 1964 
Banana 0.1 1.5 40 400 Burg 	and 
Burg 1962 
Mango 0.01 0.08 3 300 Burg 	and 
Burg 1962 
The activation of ethylene synthesis in tomato fruit ripening is under the control of two 
co-operative promoter elements which are different from the promoters that control 
ethylene synthesis related to defence responses and abscission (Deikman 1997). In 
antisense plants with a reduced ability to synthesise ethylene and in non-ripening mutants, 
the ripening-associated increase in ethylene biosynthesis is brought about by 
developmentally regulated changes in gene expression resulting in the up-regulation of 
different members of the ACS and ACO multi-gene families (Lincoln et al. 1993; Barry et 
al. 1996). The autocatalytic ethylene response is then controlled by positive feedback on 
specific ACS and ACO genes such as LEA C01 and LEASC5 and negative feedback on 
others such as LEA CO3 (Olson et al. 1991; Lincoln et al. 1993). Following the initiation 
of the autocatalytic increase in ethylene biosynthesis, changes in fruit colour, texture, 
taste and aroma take place. 
The use of transgenic plants and non-ripening mutants has also allowed 
investigation into expression of ripening-related genes in tomato fruit that may not be co-
ordinated by ethylene (for overview see Lelievre et al. 1997). Transgenic tomato fruit 
with a 90-97% effective reduction in their ability to synthesise ethylene soften normally 
until the over-ripe stage is reached. At the over-ripe stage the transgenic fruit soften at a 
much slower rate than wild-type fruit (Murray et al. 1993; Picton et al. 1993). However, 
lower rates of ethylene biosynthesis may still allow the levels of gene expression required 
to promote production of the enzymes (see section 1.9) that may lead to fruit softening. 
ACO-antisense melon plants with 95.5% inhibition of ethylene production produce fruit 
that do not soften at any ripening stage; this contradicts previous results and suggests that 
further investigation of the levels of ethylene required to initiate fruit ripening is required 
(Guis et al. 1997). Ethylene production and the expression of cell wall-modifying 
enzymes are thought to be closely linked: 20 hours after the autocatalytic increase in 
ethylene biosynthesis takes place PG protein is present in the fruit (Tucker and Grierson 
1983). The treatment of tomato fruit with 2,4-norboradiene, a competitor for ethylene 
receptors, also prevents the expression of two endo-J3-(1--+4)-glucanase genes 
(Lashbrook et al. 1994). The breakdown of chlorophyll and the synthesis of lycopene are 
also ethylene-dependent, although Jeffery et al. (1984) noted that chlorophyll breakdown 
in a tomato fruit will occur slowly even when ethylene production is inhibited by placing 
the fruit in a gas-controlled environment containing 6% oxygen, 6% carbon dioxide, and 
88% nitrogen. ACS-antisense tomato fruit with a 95.5% decrease in ethylene 
biosynthesis production also show slow loss of chlorophyll over time and accumulation of 
non-lycopene pigment till the fruit is an orange colour but never become red as with wild 
type-fruit; other ripening-related changes such as changes to texture or aroma do not take 
place (Oeller et al. 1991). As with many transgenic plants with impaired ethylene 
synthesis (Klee 1993; Oeller et al. 1991), some of the alterations to phenotype could be 
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reversed by the application of ethylene or propylene; as with wild-type fruit the supply of 
exogenous ethylene is required throughout ripening (Lincoln and Fisher 1988). 
Picton et al. (1993) found several mRNAs expressed by both wild-type ripe, but 
not preclimacteric, fruit and by ACO-antisense fruit; this suggested ethylene-independent, 
ripening-related expression of certain genes. Some niRNAs were present in higher 
amounts in ACO-antisense than in wild-type fruit and so the corresponding genes are 
negatively regulated by ethylene: these included a gene coding for a putative membrane 
channel protein. Other genes were expressed more in the wild-type than in the antisense 
fruit, showing them to be ethylene-dependent (Picton et al. 1993; Lelievre et al. 1997). 
Other processes that take place during ripening such as a change in the rate of the 
citric acid cycle and starch metabolism are also thought to take place independently of 
ethylene production (Jeffery et al. 1984, 1986). 
1.7.2 Spatial pattern of ripening in tomato fruit 
The stage of ripening a wild-type tomato fruit has reached can be determined by the 
external colour of the fruit (Fig. 1.3). Fruit at the MG stage of development is increasing 
in size in the absence of cell division, which ceases at the 1MG stage. The locular material 
in an MG fruit will starts to undergo liquefaction prior to the increase in ripening-related 
ethylene biosynthesis (Brecht 1987; Chen and Huber 1996). Once the autocatalytic 
increase in ethylene biosynthesis has begun, a colour change firstly takes place in the 
locular material before becoming visible in the pericarp at the distal end of the fruit; the 
fruit is now at the breaker stage of development. The colour change continues basipetally 
towards the proximal end and the fruit is classed as turning before becoming orange, 
pink, red-ripe then over-ripe. Major changes associated with each stage of ripening are 
summarised in Table 1.3. 
Campbell et al. (1990) found that excised pericarp discs from MG tomato fruit follow the 
pattern of colour change that occurs in whole fruit during ripening. In excised discs the 
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exocarp ripened prior to the endocarp (Campbell and Lavavitch 1991b). Tissue softening, 
changes in endo-PG activity (Tieman and Handa 1989) and changes in turgor pressure 
(Shackell et al. 1991) all followed the same pattern as that of colour change (Campbell 
and Labavitch 1991b). This pattern of ripening may be due to variations in local ethylene 
concentrations; however, since ethylene is a gas and therefore able to diffuse freely, it has 
been postulated that different tissues may have different sensitivities to ethylene and that 
this controls the rate at which they ripen (Campbell and Labavitch 1991b). The possible 
role of oligogalacturonides in establishing this pattern of tomato fruit ripening is 
described in section 1.11.4.5. 
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Fig. 1.3 Ripening stages of the tomato fruit 
Table 1.3 Summary of main stages in tomato fruit development 
Stage of 	Appearance 
	 Biochemical features 
Immature 	• Cell division in locule and • Background levels of ethylene production 
green (1MG) pericarp has ceased; cell 
expansion continues 
• 	Entire fruit green 
• 	Locular tissue still firm 
Mature green • 	Locular tissue has formed a • Locular pectins 	release 	some 	neutral 
(MG) solid gel, which does not fuse sugar residues 
with pericarp • Locular 	xyloglucan 	is 	partially 
• 	Entire 	fruit 	still 	essentially depolymerised 
green but late MG fruit may • At late MG stage ACC synthase and 
show some colour change in the ethylene biosynthesis increase in locule, 
locule columella and radial pericarp. Concurrent 
• 	Cell expansion stopped - increase in respiration 
Breaker • 	Chlorophyll 	being 	degraded; • Ethylene 	biosynthesis 	and 	respiration 
carotenoid synthesis increases, increase in pericarp 
beginning 	at 	distal 	end 	of • Increase in PME present in pericarp, PG 
pericarp present in pericarp 
• Increase in ripening-specific XET gene 
expression 
- . Uronic 	acid 	de-esterification, 
solubilisation and depolymerisation begin 
• Hydrolysis of starch increases 
• Release of Gal from pericarp 
• ACC synthase in locule starts to decrease 
• Volatile aromatic synthesis initiated 
Turning • 	Orange colour spreads towards • Increased Ara released from pericarp 
proximal end of fruit 
• 	Fruit starts to soften noticeably 
Orange 	• Whole fruit now orange 	• Maximum PG content 
• Tissue continues to soften 
Red-ripe 	• Pigmentation has intensified to • Decrease in ethylene biosynthesis, 
produce red fruit 	 respiration and protein synthesis 
• Fruit now soft 
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1.8 Alterations primary cell wall structure during tomato 
fruit ripening 
The cell wall and middle lamella polysaccharides of the tomato fruit undergo massive 
disruption during fruit ripening; these modifications are responsible for the decrease in 
tissue firmness that takes place during tomato fruit ripening (Tucker and Grierson 1987). 
The softening of fruit is a major factor for consideration in the food industry as the 
texture of fruit will dictate how easily it may become damaged during transportation 
leading to financial loss. 
Of the polysaccharides in pericarp tissue it is pectin that undergoes the most 
modification during ripening; it shows increased solubility, depolymerisation and release 
of neutral sugar side-chains (Seymour et al. 1990). These changes are initiated after the 
climacteric response and continue as ripening progresses (Table 1.3). Hemicelluloses are 
also altered during tomato fruit ripening (Huber 1983; Tong and Gross 1988, Maclachlan 
and Brady 1994). Different regions of the pericarp may have differences in their PCW 
composition (Huysamer et al. 1997), as with kiwifruit (Redgwell et al. 1988). Analysis of 
polysaccharides from whole pericarp tissue may lead to localised, discrete ripening-
associated changes in the PCW being overlooked (Huysamer et al. 1997). 
Non-polysaccharide components of the pericarp PCW may be affected during 
ripening. Brownleader et al. (1999) have reported that a low-Mr cell wall-protein, able to 
form cross-links, is present in the pericarp and epidermal PCW of MG fruit but not in 
those of red-ripe fruit. The authors suggest that the absence of this protein in ripe fruit 
may mean they have a reduced ability to cross-link proteins covalently and thus a lower 
mechanical strength, leading to weaker PCWs. A reduction in rate of formation of new 
cross-links in the PCW is unlikely to contribute to the softening process to the same 
extent as the breaking of existing cross-links but it may still contribute to the over-all 
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reduction of PCW integrity. The PCW polysaccharides of the locular tissue in the 
ripening tomato fruit also undergo modification with removal of neutral side-chains of 
pectic polysaccharides and a decrease in the molecular weight of hemicelluloses as 
ripening continues (Cheng and Huber 1997). 
1.8.1 Uronic acid residues of pectins 
1.8.1.1 Pericarp 
Many investigators have fractionated the pectic polysaccharides of tomato fruit pericarp 
into three sequentially obtained classes: I will refer to these as fractions A (extractable 
from tissue in cold water; non-wall-bound), B (extractable from water-washed PCWs by 
aqueous CDTA at 20°C; ionically bound) and C (not extractable by CDTA but 
extractable by cold .aqueous Na2CO3 ; covalently-wall bound). 
As ripening progresses there is an increase in the extractability of pectin from the 
PCWs of the tomato fruit pericarp: some formerly fraction B pectins become fraction A 
pectins (Gross 1984) and some fraction C pectins become fraction B pectins (Gross 
1984). Therefore the amount of fraction C pectin decreases (Brummell and Labavitch, 
1997). 
A decrease in the molecular weight and an increase in the polydispersity of 
fraction B pectin during ripening has been reported (Koch and Nevins 1989; Seymour 
and Harding 1987; Smith et al. 1990; DellaPenna et al, 1990). However, Huber and 
O'Donoghue (1993) reported that the true decreases in molecular weight of fraction B 
pectin during ripening were not as extensive as those previously reported because 
treatment of alcohol-insoluble residues with phenol:acetic acid:water [used by workers 
prior to Huber and O'Donoghue (1993)] did not completely inactivate cell wall enzymes 
as was intended. The activity of endo-PG in vitro causes the breakdown of fraction B 
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pectins and the enzyme acts more randomly and rapidly than in vivo where endo-PG 
activity is tightly regulated (Seymour et al. 1987; Huber and O'Donoghue 1993; 
Brummell and Labavitch 1997). Phenol:acetic acid:water treatments may also remove cell 
wall calcium and thus result in enhanced water-extractability of pectic polysaccharides 
(Huber 1991). 
Brummell and Labavitch (1997) found that pectins in fraction C have a much 
lower molecular weight than those in fractions A and B during all stages of ripening, but 
this may be due to the breakdown of the pectin by the Na 2CO3 treatment via J3-
elimination. The effect of the extraction of process on fraction C pectins may also 
explain why they appear to undergo limited depolymerisation during ripening whereas in 
fractions A and B there is a reduction in the amount of very high molecular weight pectin 
and an increase in medium length pectins. Brummell and Labavitch (1997) showed a 
molecular weight profile of fraction B similar to that of Huber and O'Donoghue (1993) 
with much of the depolymerisation of this fraction occurring between the red-ripe and 
over-ripe stage (1993). Both Huber and O'Donoghue (1993) and Brummell and 
Labavitch (1997) suggest that much pectin depolymerisation of fraction B pectins occurs 
late in the ripening process. During tomato fruit ripening there is a decrease in the methyl 
esterification of pectin, brought about by PME. PME is present throughout ripening, but 
increases two- to three-fold as ripening is initiated (Hobson 1963). The action of PME is 
thought to be important for allowing the action of endo-PG on the pectin backbone (see 
section 1.9.1). As pectin is de-esterified by PME during ripening the number of GalA 
residues available for ionic cross-linking increases. There is reported to be sufficient Ca 24 
in the apoplast of ripening tomato fruit to effect the insolubilisation of pectin by ionically 
cross-linking de-esterified GalA residues (Almeida and Huber 1999). The increased 
presence of organic acids during ripening (Dalai et al. 1966) may help to sequester free 
Ca2  and thus enhance pectin solubilisation as ripening continues. 
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1.8.1.2 Locular material 
At the 1MG stage of ripening 85% of the pectin can be extracted from tomato fruit locule 
PCWs by sequential extraction with water, CDTA and Na 2CO3 (fractions A, B and C, 
respectively; see section 1.8.1.1). There is only a small increase in the levels of 
extractability as ripening continues (Chen and Huber 1996). As with pericarp tissue, 
pectins in fraction A and B are of a larger molecular weight than those in fraction C. 
Once the MG and breaker stages of ripening are reached there is a decrease in the 
molecular weight of fraction A and an increase in its polydipersity; however, pectin in 
fractions B and C does not show any change in molecular weight during ripening (Chen 
and Huber 1996). Endo-PG is not active in the tomato fruit locule during ripening 
(Tieman and Handa 1989). PME is active in the locule in 1MG tomato fruit but declines 
greatly by the MG stage; pectin in the locule remains methyl-esterifled, with pectin in 
fraction A and B both having 70-80% methyl-esterification throughout ripening (Cheng 
and Huber 1996). 
1.8.2 Neutral sugar residues of pectins 
1.8.2.1 Pericarp 
During tomato fruit ripening there is a loss of neutral sugar residues, primarily Gal with 
some Ara, from cell wall pectins, suggesting the action of a f3-galactosidase in the 
ripening process (Gross 1984; Seymour et al. 1990). Levels of free Gal rise from 
30 ig.g' fwt in MG pericarp to 200 sg.g' fwt in ripe pericarp. The loss of neutral 
sugars occurs in pectin in fraction B and C (in this instance fraction C was extracted in 
Na2CO3  containing CDTA; fraction A not tested) (Gross 1984). The release of neutral 
sugars from polysaccharides may not be ripening-specific since in non-ripening mutants 
such as i-in and nor a 20% reduction in polysaccharide-bound Gal still occurs at the 
normal time (Gross 1984). 
1.8.2.2 Locular material 
As the locular material undergoes liquefaction in MG fruit, neutral sugars are removed 
from pectins with Gal, Glc, Xyl and Rim being the major monosaccharides released 
(Cheng and Huber 1996, 1997). The total amount of neutral sugars released from locule 
cell walls by autolysis in vitro was about 10 mg.g'. About 30% of these neutral sugars 
were monomeric whereas 70% were oligomeric or polymeric and have been shown to be 
similar in composition to heavily glycosylated pectins that are present in locule tissue 
during the liquefaction process (Cheng and Huber 1997). 
1.8.3 Hemicelluloses 
1.8.3.1 Pericarp 
A ripening-related shift in the molecular weight of hemicellulose extracted from PCWs of 
tomato fruit pericarp by treatment with 4 M KOH for 24 h was reported by Huber 
(1983). In contrast, Tong and Gross (1988) found that hemicellulose extractable from 
pericarp cell walls with 4 M KOH in 1 h did not undergo any change in molecular weight 
or neutral sugar composition at any ripening stage up to the red-ripe stage. 
Hemicellulosic material extracted in 8 M KOH yielded two peaks upon gel-permeation 
chromatography: one was <40 kDa and one was> 40 kDa (Tong and Gross 1988). The 
proportion of higher molecular weight hemicellulose decreased during ripening. The 
neutral sugar composition of the hemicellulose in each molecular weight fraction also 
changed during ripening: the larger molecular weight fraction showed a decrease in the 
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proportion of terminal-glucose residues whilst the proportion of 4-0-substituted Xyl and 
4-0-substituted Man residues increased. In the lower molecular weight fraction there 
was an increase in the proportion of 4,6-di-O-substituted Man and 4-0-substituted Gic 
residues and a decrease in 5-0-substituted Ara residues. Tong and Gross (1988) suggest 
that the shift in molecular weight observed may be due to degradation of larger molecular 
weight hemicelluloses and the de novo synthesis of lower molecular weight hemicellulose 
which has a different composition from the original hemicellulose and may be a 
galactomannan. In the pericarp there is the ripening-associated accumulation of endo-0-
(1-4)-mannanse activity (Pressey 1989); 4-0-substituted Man residues and 4,6-di-0- 
substituted Man residues may be components of this enzyme's substrate. Huysamer et 
al. (1997) concluded that the monosaccharide composition of hemicelluloses in the 
ripening pericarp are different from those in unripe fruit. 
Brummell et al. (1999a) concluded that xyloglucan made up only one third of the 
total hemicellulose extracted from ripe tomato fruit. It has also been found that only the 
hemicellulose extracted with high concentrations of KOH undergoes depolymerisation 
(Brummell et al. 1999a; Tong and Gross, 1988): these hemicelluloses may be closely 
associated with cellulose and therefore require strong alkali treatments to remove them 
from the PCW. Brummell et al. (1999a) found that the greatest amount of hemicellulose 
depolymerisation takes place in the pink and red-ripe stages of tomato fruit ripening. 
Sakurai and Nevins (1993) reported that the molecular weight of xyloglucan from red-
ripe tomato fruit cell walls was half that of xyloglucan from MG cell walls. It has been 
suggested that xyloglucan depolymerisation takes place early in tomato fruit ripening and 
may both affect the cellulose—xyloglucan network so reducing the integrity of the PCW 
and increase the size of some pores in the wall, helping to increase the mobility of 
hydrolase enzymes (Wakabayashi 2000). 
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1.8.3.2 Locular material 
The hemicellulosic components of the tomato fruit locule PCW show a large decrease in 
molecular weight during ripening, beginning at the time of initial liquefaction in MG fruit 
and continuing during the breaker stage (Cheng and Huber 1996). There is little change 
in the composition of the neutral sugars of the hemicellulose, which are predominantly 
Glc, Xyl and Ara, during ripening (Cheng and Huber 1997). 
1.9 Ripening-related proteins present in tomato fruit 
1.9.1 Endo-polygalacturonase 
Changes in cell wall pectins during tomato fruit ripening are known to co-incide with the 
appearance of endo-PG in the PCW (Tucker et al. 1980). Seymour et al. (1987) showed 
that enzyme-inactivated MG cell walls treated with endo-PG and PME released pectin 
into solution in similar amounts to red-ripe enzyme-active cell walls, whereas control MG 
enzyme-inactivated walls without treatment with endo-PG and PME released much less 
pectin into solution. Crookes and Grierson (1983) saw that pericarp PCW ultra-structure 
started to change co-incidentally with the first appearance of endo-PG activity followed 
by more extensive PCW degradation as ripening continued. Endo-PG is a hydrolase, 
breaking ct-(1--+4) GalA linkages; it will act anywhere within a homogalacturonan 
molecule (except at the reducing or non-reducing end) so long as the GalA residue is de-
esterified. Exo-polygalacturonase will only remove single GalA residues from the non-
reducing terminus of a pectin chain; the exo-polygalacturonase in tomato fruit is present 
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only at low levels during ripening and is most active on the oligogalacturonide with DP 
13 (Pressey 1987). 
Endo-PG is present in the ripening tomato fruit in two forms: P01 and P02 
which differ in M1. P02 itself occurs as two isoforms with identical molecular weights, 
but different patterns of glycosylation (Ali and Brady 1982). P01 is composed of P02 
bound to a non-enzymic glycoprotein J3-subunit (Mr 37-39 kDa) that makes it more heat-
stable (Tucker et al. 1980) and bigger (Moshreti and Luh 1983). It has been suggested 
that free 13-subunits are present in MO fruit prior to the climacteric increase in ethylene 
biosynthesis and so is synthesised before PG (Pogson and Brady 1993). The 13-subunit is 
thought to co-ordinate the position of the enzyme in the tomato fruit PCW, especially 
early on during ripening. Cookes and Grierson (1983) found P01 was first detectable at 
the same time as middle lamella degradation was being initiated. Tucker et al. (1980) 
also found P01 was present in tomato fruit during ripening prior to P02; this observation 
suggests that after free 13-subunits have been converted to PGI some PG2 starts to 
accumulate. Knegt et al. (1988) suggested that the 13-subunit (or converting factor) 
anchors the enzyme in the middle lamella, leading to specific pectic modification there. If 
the f3-subunit was positioned in the middle lamella prior to endo-PG synthesis would 
allow targeting of some of the endo-PG molecules specifically to the middle lamella, 
without affecting the endo-PO's ability to move freely throughout the PCW. If endo-PG 
was synthesised with the 13-subunit already attached it would be too large to move freely. 
However, the positioning of the 13-subunit in the middle lamella has not been proved. 
Antisense-f3-subunit plants produce fruit that show much greater levels of pectic 
solubilisation and depolymerisation than control fruit; it is postulated that the 13-subunit 
negatively regulates the action of the enzyme to prevent uncontrolled breakdown of PCW 
pectins during ripening. The action of PG in vivo may also be regulated by the calcium 
concentration, the frequency of neutral sugar side chains (Wakabayshi 2000), the amount 
of pectic methyl-esterification (Steele et al. 1997) and the apoplastic pH (Chen and Huber 
1998). 
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In recent years the importance of endo-PG in tomato fruit softening has been 
questioned as a result of experiments carried out using transgenic plants and non-ripening 
mutants. Workers suggested that although endo-PG has a role in ripening, it may not be 
have as dominant a role in decreasing firmness as was previously thought (Smith et al. 
1990). Antisense-endo-PG plants with 1% residual endo-PO activity were found to 
produce fruit that showed almost normal levels of pectin solubilisation (fraction A and B 
pectins were slightly higher in ripe transgenic fruit than in controls), and which softened 
almost as normal (Smith et al. 1990). However, the antisense fruit remained slightly 
firmer than the wild-type fruit at the red-ripe and over-ripe stage (Brummell and 
Labavitch 1997): this may be because the extent of depolymerisation of fraction A and B 
pectins was delayed slightly compared to control fruit and that of fraction C pectins was 
reduced at the over-ripe stage of ripening (Brummell and Labavitch 1997). 
Other fruits e.g. persimmon, muskmelon and kiwifruit show extensive pectin 
solubilisation (Cutillas-Iturralde et al. 1993; McCollum et al. 1989) and decrease in 
molecular weight (Redgwell et al. 1991) even if there are very low levels of endo-PO 
present in these fruits. The ripe wild tomato (Lycopersicon pimpinellfo1ium) has higher 
levels of pectic methyl-esterification than the cultivated tomato (Lycopersicon 
esculentum) (MacDougall et al. 1995). These higher levels in the wild tomato would 
reduce the influence of endo-PG in the cell wall; however, this does not prevent the 
softening process in these fruit. Antisense-PME tomato fruit that have only 7% as much 
PMIE activity as normal fruit show a decrease in the amount of de-esterification during 
but this -does-notprevent the softening-even-though the action-of-endo-PG will 
be reduced (Hall et al. 1993). The tomato fruit ripening mutant rin, which has very low 
levels of endo-PO, was transformed with an ethylene/propylene-inducible promoter, 
allowing the activation of endo-PG expression (Giovannoni et al. 1989); endo-PG activity 
in these fruit could be restored to only 40% less than wild-type. Some pectic 
solubilisation and depolymerisation took place but did not lead to softening; ethylene 
production and colour change also failed. 
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All the above evidence suggests that non-PG enzymic and non-enzymic processes 
may cause pectin modifications during the ripening process. The antisense-PG fruit show 
an increase in the proportion of Gal lost from fraction A and B pectins when compared to 
control fruit; this increased loss may have a role in promoting the increase in fraction B 
pectins. 
1.9.2 p-1-4-Glucanases and XET 
The presence of enzymes with carboxymethylceilulose (CMC) hydrolase activity has been 
investigated in tomato fruit during ripening for over forty years (Hall 1963). Since 
cellulose is very resistant to degradation, it is thought that the main substrate for these 
enzymes in vivo is likely to be xyloglucan. 13-1-4-Glucanase activity has also been 
implicated in cellulose degradation in ripening avocado (Persis et al. 1978; Platt-Aloia et 
al. 1980; O'Donohuge et al. 1994). However, there is only one report of a cellulose-
degrading enzyme complex in tomato fruit (Sabotka and Stelzig 1974) and this finding 
has not been further substantiated. Two 0-1-4-glucanase cDNAs have been isolated 
from tomato fruit during ripening. One cDNA corresponds to an mRNA expressed in 
1MG fruit; this mRNA disappears in MG fruit before appearing again in ripening fruit. 
The second cDNA corresponds to an mRNA that is only expressed in fruit once colour 
change has been initiated (i.e. breaker stage onwards) and not at earlier stages of 
- - -development Lashbrook et al. 1991); --However, tomato fruit withantisense versions-of--
these 3-1--4-glucanases genes show no difference in softening from control fruit 
(Lashbrook et al. 1998). 
Maclachian and Brady (1992) found that extracts of tomato fruit pericarp and 
iocule, purified using cation-exchange chromatography, were able to reduce the viscosity 
of xyloglucan and CMC solutions in vitro. The locule extract had more CMCase activity 
[U (g fwt)'] than the pericarp extracts but both extracts showed optima activity at both 
pH 5 and 7. The two extracts had equal activity on xyloglucan solutions although the pH 
optimum was unclear as activity was quite low. However, when xyloglucan 
oligosaccharides were added to the xyloglucan solution the pericarp extract showed 
increased tXGase activity whereas the locule extract did not; the increase in pericarp 
"XGase" activity had a pH optimum of 6. Enzymes were purified from pericarp extracts 
using cation-exchange chromatography and three peaks of CMCase activity were 
isolated, all of which had some XGase activity in the presence of XGO at pH 6. There 
were also two peaks of "XGase' activity neither of which had CMCase activity and which 
were activated by the presence of xyloglucan oligosaccharides. The total and specific 
activity of the CMCase and oligosaccharide-activated XGase enzymes were highest in 
the early stages of fruit softening (Maclachlan and Brady 1994). The authors suggest that 
the oligosaccharide-activated enzymes may be XETs. XETs, which have 
transglycosylase rather than hydrolyase activity have also been identified in 1MG, MG and 
red-ripe tomato fruit; however, XET activity was higher in green fruit than red-ripe fruit 
(Faik et al. 1998). An XET gene is up-regulated during tomato fruit ripening shown by 
the increase of mRNA as ripening proceeds (Faik et al. 1998). Ripening-related XET has 
also been found in persimmon fruit (Cutillas-Iturralde et al. 1994) and kiwifruit (Redgwell 
and Fry 1993; SchrOder et al. 1998). 
1.9.3 Glycosidases 
- 	- Various glycosidases have beeniound in, the tomatolocule .co4nciding.withihe. release of 	- - 
neutral sugars from PCW polysaccharides during the liquefaction process; these enzymes 
include cc- and 3-galactosidase, [3-arabinosidase, [3-glucosidase and f3-mannosidase (Chen 
and Huber 1997). Three isoforms of J3-galactosidase have been identified in the tomato 
fruit pericarp during ripening; of these it is 3-galactosidase II which has the greatest 
ability to attack the 13-(1--*4)-galactans and thus lead to the release of Gal that occurs in 
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the pericarp during ripening (Pressey 1983; Seymour et al. 1990). Only isoform II 
increases during ripening (Sozzi et al. 1998; Smith et al. 1998). 
1.9.4 Expansins 
Expansins are proteins that disrupt the non-covalent interactions between hemicellulose 
and cellulose; the disruption of load-bearing bonds could allow cell expansion to take 
place (McQueen-Mason and Cosgrove 1993; Cosgrove 1996). A number of expansins 
have been isolated from growing and ripening tomato fruit. Each expansin has a different 
pattern of mRNA expression (Brummell et al. 1999b) (Table 1.4). 
Table 1.4 Types of expansin mRNA present during tomato fruit ripening (Brummell et al. 
1999b) 
Expansin gene from which Time of mRNA expression 
mRNA was transcribed in tomato fruit 
EXPI Breaker 	stage 	onwards 	at 
high levels 
FX.P3 In growth and ripening with 
highest expression in 1MG 
and 	MG 	fruit, 	levels 
declining 	in 	early 	ripening 
stages. 
FXP4 OnlyinlMGfruit 
RATS InlMGfruit but higher levels 
in MG fruit, decreasing in 
early ripening stages 
EXP6 InlMG and MGfruit 
FXF7 InlMG and MGfruit 
Of the expansin mRNAs present in tomato fruit it is only Exp 1 that is thought to have a 
prominent role in the softening process. The production of antisense plants with mRNA 
concentrations of EXP 1 reduced to 7% of control fruit has allowed the role of EXP 1 in 
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ripening to be investigated (Brummell et al. 1999a). The transgenic fruit were inhibited in 
depolymerisation of fraction B pectin in late ripening stages (red-ripe and over-ripe) but 
there was no effect on hemicellulose depolymerisation throughout ripening. The antisense 
fruit remained 13% firmer than control fruit at the breaker stage of development and were 
23% firmer at the over-ripe stage. Over-expression of EXT 1 in MG fruit led to 
enhanced softening compared with controls; this enhanced softening was accompanied by 
(and possibly caused by) enhanced hemicellulose depolymerisation before ripening had 
been initiated. At this stage there was difference in to the pectic polysaccharides between 
wild-type and antisense fruit; however, pectin depolymerisation then continued during 
ripening as in wild-type fruit, suggesting that both pectin and hemicellulose 
depolymerisation are important (Brummell et al. 1999a). The authors acknowledge that 
softening is probably the result of several different processes acting on the polysaccharide 
and glycoprotein networks (Brummell et al. 1999a). They suggest that hemicellulose 
depolymerisation may be independent of EXP 1 or require the synthesis of the expansin at 
only low levels. If EXP 1 is not required for hemicellulose depolymerisation then the 
reason for the enhanced hemicellulose depolymerisation seen in MG fruit with over-
expression of EXP 1 is unknown. The expression of EMI I is thought to be required for 
depolymerisation of fraction B pectins during the later stages of ripening, perhaps by 
mediating wall relaxation and allowing hydrolytic enzymes access to the pectic 
polysaccharides. However, fraction B pericarp pectins from antisense-PG fruit still 
undergo normal depolymerisation, albeit slightly delayed, with very low levels of PG 
being-present (see section-i;8. Li). The-depolymerisation-of-fraction C pectins-does not 
appear to be affected by a reduced level of EXP 1 but, as Brummell and Labavitch (1997) 
note, the Na2CO3 extraction may affect the molecular weight of the pectins by breaking 
ester bonds and masking ripening-related changes that are taking place. EXP 1 activity 
may also promote ripening by affecting the non-covalent bonds between cellulose and 
hemicellulose as expansins are thought to do during growth but in a less controlled 
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manner in order to promote cell-wall disassembly and softening during tomato fruit 
ripening. 
1.10 A novel mechanism for non-enzymic scission of 
polysaccharides during ripening involving the production of 
hydroxyl radicals 
The hydroxyl radical (OH) is the most reactive active oxygen species formed by the 
successive reduction of 02. The 0H radical has a standard reduction potential (ho) of 
+2.31 V meaning that it is highly oxidising. The radical will readily react with virtually all 
biomolecules (Buxton et al. 1988) so is very short-lived, having a half-life of around 1 ns 
in a cellular environment allowing it to react only with molecules that are within a few nm 
of its site of production (Halliwell and Gutteridge 1999). The short half-life of the 0H 
radical means it is hard to measure in biological systems. Techniques such as electron 
spin trapping have proved effective (Babbs et al. 1989; Halliwell and Gutteridge 1999) 
but as with other current techniques the measurement of hydroxyl radical production in 
specific parts of the cell such as the PCW in plants would not be possible. 
The 0H radical will react with DNA, membrane lipids and proteins and is 
thought to have a role in a number of diseases and stress conditions in mammals and 
other animals. Plants also have to protect themselves against the active oxygen species, 
especially in the chloroplast during the light when photosystem II is active (Halliwell 
1981). The bipyridinium herbicides act by generating free radicals in the chloroplast, 
leading to cell and eventually plant death (Babbs et al. 1989). However, in plants, the 
production of 0H is also triggered in response to fungal pathogen invasion by the 
recognition of N-acetylchitooligosaccharides derived from the fungal cell wall (Kuchitu 
et al. 1995). 
Two inorganic reactions lead to the production of 0H: in both reactions 
transition metals such as Fe and Cu are important because of their ability to change their 
oxidation number by one (Halliwell and Gutteridge 1990) and therefore donate or accept 
a single electron depending on their oxidation state. 
The Haber—Weiss reaction (equation 1) involves H202  and Of , which are 
available in aerobic cells, and is catalysed by an oxidised transition material e.g. Fe 3t 
H202 + Of .-+ 0H + OH + 02 (equation 1) 
To protect themselves against the cytotoxic effects of free radicals, cells contain 
antioxidants which can scavenge active oxygen species; scavenging molecules can also be 
utilised in vitro to confirm the involvement of 0H. Peroxidase catalyses oxidation 
reactions using H202. However, peroxidase can also act as an oxidase on NADH leading 
to the production formation of H202  and 02' (Chen and Schopfer 1999). Peroxidase is 
converted to the Fe 21 perferryl form, promoting the production of 'OH. This system has 
been shown using horseradish peroxidase in the presence of NADH in vitro and suggests 
a potential mechanism for the occurrence of the Haber—Weiss reaction in vivo (Chen and 
Schopfer 1999) 
'OH can also be produced in a Fenton reaction involving Cu+ and H202 
(Crescenzi et al. 1997) - which can themselves be produced from Cu 2+ and 02, 
respectively, through non-enzymic reduction by ascorbate (AH2), forming 
dehydroascorbate (A): 
02+2H202 
2 Cu 2+ + AH2 -+ 2 Cu + A + 2 
Cu+ + H202 -> Cu 2+ + 'OH + OW 	[Fenton reaction] 
1.10.1 Could the Fenton reaction take place in fruits during ripening? 
Recently, a non-enzymic mechanism of polysaccharide depolymerisation has been 
suggested to operate in vivo (Fry 1998; Kar and Arslan 1999). Non-enzymic, oxidative 
scission of polysaccharides (pectins, xyloglucans and many others) in vitro is readily 
evoked, at physiological temperatures and pH values by OH formed in the presence of 
ascorbate. 
The occurrence of a Fenton-type reaction in vivo depends on the presence of a 
suitable transition metal, Cu being 60x more effective than Fe (Halliwell and Gutteridge 
1990). Of forty non-leguminous fruits surveyed (Paul and Southgate 1978), all contained 
enough Cu and Fe to make Fenton reactions seem feasible (Table 1.5). Rabinowitch et al. 
(1982) reported that copper levels in tomato pericarp decreased from the 1MG to the 
pink stage but increased dramatically at the red-ripe stage. Since the ascorbate level 
(Clutter and Miller 1961) and oxygen concentration (Biale and Young 1981) in most 
fruits is also quite high , there is the potential for Fenton reactions taking place in fruit 
and causing polysaccharide scission. The concentration of ascorbate increases by 8% in 
the whole tomato fruit from the breaker to red-ripe stage of ripening. Faster ripening 
varieties of tomato fruit contain higher concentrations of ascorbate compared to slower 
ripening species (Clutter and Miller 1961). 
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Table 1.5. Transition metal content of fruit tissues. The statistics are from analyses of 
the forty fruit species (excluding legumes and cereals) reported by Paul and Southgate 
13 MMM 
Metal 	 Metal content of edible part of fruit (mg. 
- 1  dry weight) 
Mean ± SD 	Median 	 Lowest 	 Highest 
Cu 	7.9 ± 4.6 	7 (blackberry) 	3 (apple) 	25 (cucumber) 
Fe 	41 ± 25 	30 (gooseberry) 	12 (pear) 	107 (mulberry) 
The ability of Cu to induce 0H formation as part of the Fenton reaction in biological 
tissue has been suggested. Rats with a mutation affecting Cu metabolism in their liver 
have an increased concentration of Cu in this tissue; the Cu is able to act as a pro-oxidant 
in the absence of Zn and the presence of Cu along with H202 in the liver is then thought 
to produce 'OH, which is responsible for the high levels of liver cancer in these rats 
(Suzuki et al. 1996; Nakamura et al. 1997). It is important to note that the requirement 
for transition metals in 0H-forming reactions may lead to the localisation of 0H attack 
to the molecule to which the transition metal is bound; the localisation of Cu in a 
chitosan—Cu complex is important in allowing chitosan depolymerisation by 0H in vitro 
in the presence of AH2 and H202 (Kuchitsu et al. 1995). The localisation of Cu in 
promoting localised 0H production may affect the action of 0H scavengers in vivo 
since local concentrations of the target biopolymer may be greater than that of the 
scavenger. - 
A role for H202 in oxidative processes that promote the softening of pear fruit 
during ripening has been suggested by Brennan and Frenkel (1977). These authors found 
that peroxide concentrations increase at the onset of ripening. Treatment of fruit with 
xanthine or glycollic acid, both of which are oxidised by oxidases in pear fruits and thus 
lead to H202 production, led to a promotion ethylene biosynthesis and softening. 
COJ 5 1"'~ 
Conversely, the inhibition glycollate oxidase by ct-hydroxy-2-pyridinemethane sulphuric 
acid, which caused a reduction in peroxide formation, led to an inhibition of ethylene 
biosynthesis and softening. The promotion of ethylene biosynthesis in fruit with increased 
levels of peroxides occurs after changes in softening had been observed (Brennan and 
Frenkel 1977). The authors suggest that peroxides reacting with 07 may lead to the 
production of hydroxyl radicals, which would promote fruit 'senescence' (ripening) by 
damaging the plasma membrane. They did not implicate H202 in having a role directly 
related to polysaccharide breakdown. It is plausible that the ethylene increase could be 
brought about by the increased production of oligosaccharins released from PCWs during 
the softening process if the rate of polysaccharide solubiliastion and depolymerisation is 
enhanced by H202. 
Oxidative stress increases during the ripening of the saskatoon (Amelanchier 
alnifolia Nutt.) fruit as peroxide levels increased in the latter stages of ripening and levels 
of superoxide dismutase and catalase fell (Rogiers et al. 1998). The authors report that 
an increase in lipid peroxidation occurs as ripening continues and they suggest that the 
plasma membrane is being degraded by active oxygen species to a greater extent during 
ripening as the levels of antioxidant enzymes that normally protect the fatty acid residues 
from peroxidation decrease. The authors conclude that the decrease in free radical 
scavenging ability may mean that oxidative stress could have many roles in the saskatoon 
fruit ripening process. 
Peroxidase activity has been reported to decrease in tomato fruit pericarp during 
ripening (Rabinowitch et al. 1982); this could mean that more H202 is present in tomato 
fruit as ripening continues. Superoxide dimutase activity also decreases from the 1MG to 
the red-ripe stage of tomato fruit ripening with a slight increase at the pink stage of 
ripening. The decline in the activity of both the enzymes may indicate that the action of 
active oxygen species becomes more intense as the fruit ripen (Rabinowitch et al. 1982). 
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1.11 Oligosaceharins 
Oligosaceharides are moderately low molecular weight carbohydrate compounds 
released, for example, from the cell walls of plants and micro-organisms by partial 
hydrolyis (Albersheim and Valent 1978; Albersheim 1985). Oligosaccharides that possess 
biological activity at low concentrations are known as oligosaccharins (Alberseim et al. 
1983) these molecules are able to affect gene expression in plants and have been shown 
to have many different roles in plant developmental and defence processes (for reviews 
see Aldington et al. 1991; Aldington and Fry 1991; Ryan and Farmer 1991; Côté and 
Hahn 1994). The presence of signalling molecules locked up in the plant PCW may 
explain the structural complexity of some polysaccharides, such as RGII, which cost the 
plant energy to construct but have no obvious purpose attributed to their very specific 
structure (O'Neill et al. 1990). 
Oligosaccharins were first identified in cell-free extracts of pathogenic fungi 
(Ayers et al. 1976). When these extracts were added to soybean cell-suspension cultures 
they resulted in the elicitation of phytoalexin accumulation (Ayers et al. 1976). Products 
from heat-treated fungal cell walls had the same effect when the fragments were added to 
soybean cell-suspension cultures and it was concluded that the elicitor responsible for the 
pytoalexin accumulation was derived from the fungal cell wall (Ebel et al. 1976). 
Eventually the smallest active fragment from the fungal cell wall was purified and found 
to be a hepta-glucan containing 6- and 3,6-linked 3-D-glucopyranose residues; the activity 
of this oligosaccharin relies on the structural specificity of the molecule (Sharp et al. 
It has been concluded that the production of hydrolytic enzymes by plants and 
fungi during pathogenic attack and other biological processes can lead to the release of 
oligosaccharins, which elicit biological responses in plants (Albersheim 1985). Many 
oligosaccharins have been isolated by partial hydrolysis of fungal and bacterial cell walls, 
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but the rest of this section will focus predominantly on the production of oligosaccharins 
that could be derived from the components of the plant PCW itself However, it is 
important to note that in many experiments the oligosaccharins had been produced by the 
in-vitro treatment of cell walls or purified polysaccharides with enzymes or acid. 
Therefore the oligosaccharides that have oligosaccharin activity may not be present in 
vivo (this is discussed further in section 1.11.7.3). 
1.11.1 Roles of PCW-derived oligosaccharins in defence responses 
Oligogalacturonides are released from the plant PCW during pathogenic attack by the 
action of hydrolytic enzymes such as PG, PME and pectin lyase produced by micro-
organisms. Oligogalacturonides were first identified as eliciting a defence response when 
they were isolated from freeze-thawed bean stem, and shown to induce phytoalexin 
accumulation in healthy bean stems (Hargreaves and Bailey 1978). Since then it has been 
found that purified oligogalacturonides with a DP 7-13 induce the accumulation of 
enzymes associated with lignin synthesis in castor bean (Ricinus communis) cells (Bruce 
and West 1989); oligogalacturonides are also able to increase hydroxyproline-rich protein 
gene expression in these cells as part of a defence response (Boudart et al. 1995). In 
many experiments on plant cells and tissues oligogalacturonides with DP 10-15 were 
required to induce a large response. Since stretches of about 12-14 de-esterified GalA 
residues are required to allow strong Ca 2 binding, which leads to conformational changes. 
in the structure of the oligomer (see section 1.2.3.4), these changes could be important in 
inducing defence responses. Studies using monoclonal antibodies have shown that 
conformational changes may take place on addition of Ca" to oligogalacturonides with 
DP >10 (Kohn 1975; Liners et al. 1992). However, when added to cow pea pods (Vigna 
unguiculata), mixtures of oligogalacturonides of DP ~4, produced by acid hydrolysis of 
homogalacturonan, could induce necrotic lesions similar to those produced by infection 
with Asperigillus niger (Cervone et al. 1987). Fragments from cow pea pod cell walls 
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could also induce this defence response. The pattern of methyl esterification of the 
fragments does affect phytoalexin production in some instances such as castor bean (Jin 
and West 1984). Oligogalacturonides with a DP 12-15 were added to castor bean cell-
suspension culture and phytoalexin production occurred; methyl-esterification of the 
oligogalacturonides destroyed the elicitor activity (Jin and West 1984). 
Oligogalacturonides of unknown DP have also been shown to induce hydrogen peroxide 
production in suspension-cultured soybean cells (Legendre et al. 1993). Other plant 
PCW-derived fragments may be important in plant defence responses such as Xyl-
containing oligosaccharides (Bailey et al. 1990) and oligosaccharides derived from 
glycoproteins (Preim et al. 1993). 
1.11.2 Role for protease inhibitor inducing factors and protease 
inhibitors in defence responses 
As part of their defence responses plants may produce protease inhibitor inducing factors 
(PIIF5) which induce the de novo synthesis of protease inhibitors, which themselves 
prevent the action of hydrolytic enzymes released by insects and pathogenic organisms 
(Bishop et al. 1984). Oligosaccharides composed of GalA, as small as di- and 
trigalacturonides, possess P1W activity (Moloshok and Ryan 1989). However, the 
endogenous P1W was originally defined as a mobile wound hormone (Ryan 1974) and 
thus cannot be an oligogalactuonide as the movement of oligogalacturonides is limited in 
plants to one direction in xylem vessels and P1W would need to move bi-directionally 
(Baydon and Fry 1985). Red kidney bean cell walls contain a protein that inhibits the 
action of PG produced by pathogenic fungi (Albersheim and Anderson 1971). Although 
this protein inhibits PG activity, thus protecting the PCW against breakdown, it has been 
suggested that the reduced PG activity may allow the oligogalacturonides that are 
produced to remain at an optimum DP for a longer time therefore prolonging their 
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elicitor action (Cervone et al. 1989; Esquerré-Tugayé et al. 2000). The PG-inhibiting 
protein may also act as a receptor or part of a receptor and bind to PG produced by the 
pathogenic fungus Colletotrichum lindemuthianum. The PG inhibiting protein contains 
Leu-rich repeating domains, which are common in animal receptors. This proposed 
action of PGIP as a receptor may explain why recognition of Colic totrichum 
lindeinuthianum occurs very quickly and the addition of PG to plants is also able to 
induce defence responses in the same manner as the fungus itself (Esquerré-Tugayé et al. 
2000). 
1.11.3 Role of PCW-derived oligosaccharins in morphogeneisis and 
growth 
Oligogalacturonides produced in vitro are able to affect the morphogenesis of tobacco 
explants in thin-cell-layer bioassays (Eberhard et al. 1989; Bellincampi et al. 1993). The 
application of oligogalacturonides of DP 10-15 promoted floral development and 
inhibited root formation; the most active oligomers had a DP of 12-14. The 
concentration of oligogalacturonides that produced a half-maximal response was about 
1 Vg/ml (Eberhard et al. 1989; Bellincampi et al. 1993). Oligogalacturonides also 
inhibited auxin- but not gibberellin-stimulated growth of pea stems and were able to 
interact with auxin-binding sites (Branca et al. 1988). However, growth could be 
promoted in the presence of oligogalacturonides if more auxin was added to the system. 
The most active oligogalacturonides in this system had DP ~:9. 
The nonasaccharide XXFG produced from the breakdown of xyloglucan (Fry 
1986b) is able to inhibit auxin- and gibberellic acid-induced growth in pea stems at 
nanomolar concentrations (York et al. 1984; Hoson and Masuda 1991; Warneck and 
Seitz 1993). The Fuc residue is vital in allowing the oligosaccharide to be active 
(McDougall and Fry 1989) and other flicose-containing xy!oglucan oligomers such as FG 
and XFFG also inhibit auxin-induced growth (McDougall and Fry 1989; Augur et al. 
1992). In Fuc deficient mutants, where the amount of Fuc residues in the PCW of non-
root tissue was only 2% of wild-type levels, the L-Fuc residue of xyloglucan was replaced 
by an L-Gal residue, allowing the xyloglucan oligosaccharides to retain their growth-
inhibiting action in these plants (Zablackis et al. 1996). 
Oligosaccharins derived from xyloglucan in vitro are also able to promote the 
elongation of pea stem segments at micromolar concentrations in the absence of added 
auxin (McDougall and Fry 1990). Unlike in growth inhibition, the Fuc residue was not 
required for this action and the most effective oligosaccharide for growth promotion was 
XLLG (McDougall and Fry 1990). Growth-promoting oligosaccharides derived from 
xyloglucan may act by promoting the action of XET and allowing controlled cell wall 
loosening; this process could also be involved in fruit softening. 
11.1.4 Role of oligogalacturonides during fruit ripening 
1.11.4.1 Oligosaccharins prepared from pear cell walls can induce ethylene 
biosynthesis when added to pear cell cultures 
The putative presence of pectic oligomers during ripening has promoted investigation 
into the action of such oligomers on ethylene production. In preliminary work (Tong et 
al. 1986) cell walls from pear (Pyrus communis) cell cultures or pear fruit were digested 
with the enzyme mixture 'Macerase' (containing P0). When the resulting 
oligosaccharides were added to a pear cell culture they caused an increase in ethylene 
production beginning within 1 h and peaking at 2 h; production then declined to levels 
similar to those seen in a pear culture treated with active Macerase directly. Ethylene 
production in cell cultures treated directly with Macerase was greater than in controls 
treated with boiled Macerase, but the peak of ethylene production was much smaller than 
that seen in cultures treated with the oligosaccharides. Macerase-induced ethylene 
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production was probably due to oligosaccharide production from the walls of the living 
cells. 
Macerase is a mixture of enzymes, including but not limited to PGs; therefore, 
non-pectic oligosaccharides may have been released from the treated cell walls and also 
influenced ethylene production. In addition, since whole cell walls, rather than purified 
homogalacturonans, were used as substrates, pectic oligosaccharides other than simple 
oligogalacturonides may have been the biologically active principle in this work (Tong et 
al. 1986). However, Campbell and Labavitch (1991) showed that oligomers prepared 
from citrus pectin by partial acid hydrolysis, rather than by enzymic digestion, also 
induced transient ethylene biosynthesis in pear cell cultures. 
Rates of ethylene biosynthesis induced in pear cell cultures by acid-generated 
pectic oligomers peaked after about 90 min and then returned to near-basal levels 
(Campbell and Labavitch 1991a). A second treatment with the pectic oligomers added 1 
h after the first treatment induced a second, similar burst of ethylene production. In 
contrast, when the second treatment was applied 2 h after the first, the second burst was 
smaller, indicating that the cells were becoming less responsive to pectic oligomers. The 
degree of insensitivity to the second dose appeared to be proportional to the oligomer 
concentration of the first dose. If pear fruit cells respond in a manner similar to the cell 
cultures, this could be a mechanism to control levels of ethylene biosynthesis during fruit 
ripening. 
1.11.4.2 Pectic oligomers induce ethylene synthesis in orange fruit 
Cell cultures do not necessarily respond to oligosaccharides in the same way as fruits. 
However, several studies have shown that pectic oligomers do induce ethylene synthesis 
in fruits. For example, when 'Pectolyase' (a fungal enzyme mixture containing PG and 
xylanase) was injected into the albedo (white pith) of an orange fruit (Citrus sinensis), a 
transient increase in ACC and ethylene biosynthesis occurred (Baldwin and Biggs 1988). 
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Boiled Pectolyase did not have this effect. Since the response was transient and since the 
orange is non-climacteric, the increase in ethylene biosynthesis was probably part of a 
defence response. It is not certain whether ethylene biosynthesis was due to oligomers 
produced by the action of PG, xylanase or both. However, acid- or Pectolyase-generated 
oligomers of orange pectin had an effect similar to that of Pectolyase, suggesting that at 
least part of the Pectolyase effect was due to pectic oligomers generated in the live fruit 
by the enzyme. 
1.11.4.3 Pectic oligomers induce ethylene synthesis in tomato: influence of DP 
Baldwin and Biggs (1988) noted that too much or too little digestion of orange fruit 
pectin with Pectolyase produced oligosaccharides with reduced ethylene-inducing 
activity, suggesting that the DP of the oligomers critically determines biological activity in 
the induction of wound ethylene. 
Oligogalacturonides administered to tomato leaves via the transpiration stream 
induced a transient increase in ACC oxidase ('ethylene forming enzyme') and ethylene 
production (Simpson et al. 1998). Of the oligogalacturonides tested (DP 2-15), only 
those of DP 4-6 were effective. Therefore, oligogalacturonides of different lengths could 
have specific ethylene-inducing roles in different plant tissues. 
When whole pre-climacteric tomato fruit were vacuum-infiltrated with 
oligosaccharides previously released by autolysis from the enzymically active cell walls of 
ripe tomato fruit, oligosaccharins were able to promote long-term, presumably 
climacteric, ethylene production (Brecht and Huber 1988). The oligosaccharides 
responsible were of a specific size; only those of DP ~!8 possessed biological activity 
when assayed at 6 jig per fruit. 
Acid-generated oligomers of citrus pectin induced climacteric ethylene 
biosynthesis and reddening in pre-climacteric tomato fruit disks (Campbell and Labavitch 
1991b). The oligosaccharide mixture used probably consisted mainly of 
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oligogalacturonides. The reddening responses were similar for oligomer mixtures with 
DPs predominantly in the range of either 7-9 or 10-12. This contrasts with the situation 
in pear cell cultures treated with the same type of oligomers, where the 'DP 7-9' 
oligomers were more effective than the larger ones (Campbell and Labavitch 1991a). 
However, low concentrations of larger or smaller oligomers present in the mixtures may 
have had a disproportionate role in the biological activity; some oligosaccharins exert 
their effects at very low concentrations (Aldington and Fry 1993). 
The size of pectic oligomers produced during fruit ripening may change during 
maturation. Exo-PG, which is active at all stages of tomato fruit development (Pressey 
1987), could have a role in tailoring the size of pectic oligomers, thus altering their ability 
to induce ethylene production in fruit. The major product of exo-PG, monomeric GalA, 
does not itself affect ethylene biosynthesis (Campbell and Labavitch 1991a). An 
oligogalacturonide (DP 5) is also produced and this may induce ethylene production in 
vivo. 
1.11.4.4 Neutral side-chains on uronic acid-containing oligomers may be important 
in tomato fruit ripening 
Structure-activity relationships can be assessed through studies of the dose required for a 
biological effect. The oligomers likely to be most active are those produced naturally in 
fruits. Unfortunately, few studies have investigated the natural occurrence of 
oligosaccharides. Huber and O'Donoghue (1993) failed to detect pectic oligosaccharides 
in extracts made from isolated cell walls of ripening tomato fruit. Melotto et al. (1994) 
prepared an alcohol-insoluble residue (AIR) from breaker stage tomato fruit and found 
that pectic oligomers could be dissolved from the AIR with cold water and re-
precipitated with 80% ethanol. These oligomers were rich in both GalA (-60%) and 
neutral sugar residues (-40%; composition Gal >Rha GIc > Ma Man > Xyl); homo-
oligogalacturonideswere reported to be negligible. Both these studies made the 
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assumption that pectic oligosaccharides would all remain with the cell walls during 
washing in aqueous ethanol. The acid-generated oligomers of citrus pectin used by 
Campbell and Labavitch (1991b) on pre-climacteric tomato fruit disks were maximally 
effective at —300 pg GalA equivalents (g fwt)'. This oligosaccharide mixture probably 
consisted mainly of oligogalacturonides. 
Ethanol-insoluble, water-soluble oligomers extracted from tomato fruit (Melotto 
et al. 1994) induced short-term ethylene biosynthesis in pre-climacteric tomato fruit disks. 
The optimum dose was —3 pg GalA equivalents (g fwt)', suggesting that the neutral 
residues conferred stronger activity than that of oligogalacturonides. 
The oligosaccharides released by autolysis of cell walls of ripe tomato fruit 
(Brecht and Huber 1988) induced maximum long-term ethylene synthesis when applied at 
0.2 pg GalA equivalents (g fwt) 1 . Comparison of the above three studies indicates that 
complex pectic oligomers are more effective than simple oligogalacturonides. 
Pectic oligomers prepared by PG-treatment of cell walls , from pre-climacteric 
tomato fruit did not stimulate long-term ethylene synthesis in pre-climacteric tomato fruit 
(Brecht and Huber 1988). This observation, and the finding that PG is not appreciably 
expressed until after the climacteric increase in ethylene biosynthesis (Grierson and 
Tucker 1983), suggests that pectic oligomers do not have a role in initiating climacteric 
ethylene production. 
Tong and Gross (1990) isolated fraction C 'pectic material' that induced long-
term ethylene biosynthesis when applied to pre-climacteric tomato fruit. The activity of 
the extract was greater when isolated from MG tomato fruit than when isolated from 
turning or red-ripe fruit. However, subsequent work suggested that the ethylene-
inducing activity could have been due to the presence of a contaminating CDTA complex 
(Plank and Tong 1997). On fractionation by anion-exchange chromatography, most of 
the activity was in the neutral fraction (Tong and Gross 1990): this result was unexpected 
no matter if the active principle was pectic or CDTA-related, and the results are therefore 
difficult to interpret. 
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Pectic oligomers isolated from breaker tomato pericarp AIR contained 40% 
neutral sugar residues (Melotto et al. 1994); very small amounts of homo-
oligogalacturonides were present. When pectins were extracted from pre-climacteric 
tomato fruit AIR using CDTA (fraction B) and Na2CO3 (fraction C) and then treated 
with PG1 (= endo-PG with an attached subunit that is thought to be important in 
localising the enzyme during ripening (Knegt et al. 1988) —see section 1.8.1.1), only the 
fraction C material gave biologically active oligomers. These oligomers induced ethylene 
production in pre-climacteric tomato fruit disks. Melotto et al. (1994) recognise that if 
these oligomers have a role in initiating ethylene biosynthesis then it cannot be PG1 that is 
responsible for their production. 
It may be that modifications to cell wall pectin occurring during fruit 
development, such as the removal of neutral side chains or of methyl ester groups, maybe 
important in allowing oligosaccharide production by endo-PG. It could also be that 
changes to pectin during fruit development are important in conferring the structural 
specificity of oligosaccharins as well as changing the sizes of oligomers produced. 
1.11.4.5 Pectic oligomers released from tomato exocarp may accelerate ripening in 
the endocarp by increasing the cells' sensitivity to ethylene 
Tomato fruit reddening starts in the locule and then appears at the distal end of the 
pericarp (Fig. 1.3). It then moves through the pericarp towards the proximal end of the 
fruit, with the colour front in the exocarp leading that in the endocarp (Grierson and 
Kader 1986). When climacteric ethylene production begins, the gas is likely to diffuse 
throughout the fruit, and unlikely to impose the circular pattern of reddening described 
above. Rather, this pattern of reddening may be brought about by the different fruit 
tissues having changing sensitivities to ethylene and so reddening at different times. PG 
activity follows a similar circular pattern during ripening and has been shown to appear in 
the exocarp before it appears in the endocarp (Tieman and Handa 1986). 
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Acid-generated oligomers from citrus pectin promoted ethylene biosynthesis and 
reddening when added to pre-climacteric tomato pericarp disks (Campbell and Labavitch 
1991b). However, the acceleration of reddening in the exocarp appeared to occur by a 
mechanism different from that in the endocarp. In the exocarp, the oligomers appeared to 
increase ethylene biosynthesis, which was then the factor initiating reddening. In the 
endocarp, in contrast, the oligomers appeared to be acting directly on the tissue to 
accelerate ripening, as this acceleration could not be mimicked by ACC until the tissue 
was more mature. If the cells in the exocarp have a higher sensitivity to ethylene than 
those in the endocarp, they will start to redden sooner. The earlier presence of PG in 
exocarp tissue may allow depolymerisation of the middle lamella and cell walls of this 
tissue; pectic oligomers that are produced may increase the sensitivity of endocarp cells 
to ethylene and induce them to start reddening. 
1.11.5 Effect of free Gal in inducing ethylene biosynthesis in tomato 
fruit during ripening 
Loss of Gal residues from the cell wall during ripening has been proposed to cause pectin 
solubilisation and therefore fruit softening (De Veau et al. 1993). This hypothesis was 
based on the observation that prolonged digestion of tomato pectin by avocado J3-
galactosidase in vivo, which released <0.2% of the weight of the pectin as free Gal, 
apparently changed the pectin's rheological properties such that it could then pass 
through specific filters. The authors suggest that the limited de-galactosylation (<2% of 
the Gal residues were removed) which occurred was sufficient to prevent the pectin 
molecules aggregating. However, gel-permeation chromatography of the 'solubilised' 
pectin which passed through the filters indicated an inexplicably high content of material 
that co-eluted with monosaccharides, making interpretation of the results debatable. It is 
also very difficult to exclude the possibility that an undetected endo-hydrolase activity 
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was present in the 'purified' p-galactosidase preparation. Furthermore, inhibition of Gal 
loss during kiwifruit (Actinidia deliciosa) ripening did not prevent subsequent softening 
(Redgwell and Harker 1995). 
The presence of free Gal appears to be important in allowing oligosaccharides 
derived from N-linked glycoproteins to accelerate ripening (Preim and Gross 1992). Free 
Gal stimulates ethylene biosynthesis in mature green tomato fruit (Kim et al. 1987). Free 
galàcturonic acid, galactitol and mannose were also effective. However, Gal was 
consistently effective only at doses above 400 pg Gal (g fwt'; such high concentrations 
may not be present naturally, depending on the uniformity of distribution. 
1. 11.6 Role of N-glycan-containing oligosaccharins during fruit ripening 
Two oligosaccharides isolated from non-plant sources (human urine), Man 5GlcNAc and 
Man3(Xyl)GlcNAc(Fuc)GlcNAc (residues in brackets are those which branch from the 
oligosaccharide backbone residues, which are not in brackets), were able to promote the 
initiation of ripening in MG tomato fruit when vacuum-infiltrated at a concentration of 
1 ng (g fwt)' in the presence of 40 pg (g fwt) Gal, too low a concentration of Gal to 
have any effect on ripening in its own (Priem and Gross 1992). Less conclusive results 
suggested that each oligosaccharin could delay the ripening process when infiltrated at 
10 ng (g fwt) along with Gal. However, Yunoutiz and Gross (1994) found that, in 
excised discs of tomato fruit pericarp, ripening, monitored by colour change, could be 
delayed by addition of 10 ng (g fwt)' Man 5 GlcNAc with Gal, but not promoted by 1 ng 
(g fm)- 1 as it was whole fruit. The authors found that the effect of IAA, which 
stimulated ripening in tomato fruit discs and may have a natural role in tomato fruit 
ripening (Yunovitz and Gross 1994), was inhibited by 10 ng (g f\vt)- 
1 Man5 GlcNAc in 
the presence on 40 jig (g fwt) 1 Gal. 
Ten free N-glycan oligosaccharides containing a pentasaccharide core of 
Man3GlcNAc2, substituted with various combinations of Man, Xyl, Fuc, G1cNAc and Gal 
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residues, were isolated from tomato fruit pericarp before and during ripening (Priem et al. 
1990; Zeleng et al. 1999). These oligosaccharides are thought to be released from 
glycoproteins (Lernhould et al. 1992; Priem et al. 1990) but not necessarily those in the 
PCW. The free N-glycans accumulate in MG pericarp to about 5-6 Vg (g fwt) - ' and 
increase during ripening, although the composition of the oligosaccharides appears to 
alter as ripening continues (Priem et al. 1993). Man 5 GlcNAc accumulates to 
concentrations of 0.1 j.xg (g fwf') in MG tomato fruit pericarp, yet in bioassys it had 
activity at concentrations lower than this. Priem et al. (1993) propose that the 
oligosaccharin might be compartmentalised in the cell in order to control its activity. 
However, Yunovitz and Gross (1994) showed that plant lectins (concanavalin A and 
tomato agglutinin) cause Man 5GlcNAc to lose its biological activity in tomato fruit 
pericarp discs, so lectins may be involved in the control of oligosaccharin action in vivo. 
1. 11.7 Oligosaccharins as cellular signalling molecules in vivo 
1.11.7.1 Signal transduction and structural specificity 
Oligosaccharins possess hormone-like activity that can initiate changes in plant biology. 
However, in some, but not all cases, these changes require alterations in gene expression, 
meaning that if oligosaccharins are responsible for biochemical changes in plants then 
they must have effects on signal transduction pathways. It has been suggested that 
receptors on the plasma membrane surface would be important in the recognition of 
oligosaccharins that leads to a cellular response. A membrane-bound receptor that binds 
specifically to a hepta-glucan involved in eliciting a plant defence response (see section 
1.11.1) has been identified in soybean cells (Cheong and Hahn 1991). The specific 
interaction between oligosaccharins and their receptors would explain the importance of 
structural specificity in oligosaccharins, for example the requirement for a Fuc residue in 
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xyloglucan oligosaccharides that are able to affect plant growth (see section 1.11.3), and 
the requirement for oligogalacturonides to have their reducing ends intact in order to 
affect morphogenesis in thin-layer cultures, to elicit H202 accumulation in tobacco cell 
suspension cultures and to induce extracellular alkalinization by tobacco cell-suspension 
cultures (Spiro et al. 1998). Increases in cystolic calcium induced by oligoglacturonides 
have been observed (Messiaen et al. 1993) and these changes in calcium concentration 
may also effect signal transduction. 
Several aspects of oligogalacturonide signal transduction have been reported. The 
oligogalacturonide with DP 14 is able to induce several rapid responses in the cytosol of 
tomato cells including the phosphorylation of a threonine residue in a plasma membrane 
protein that may be a protein kinase (Farmer et al. 1991). Oligogalacturonides with DP 
12-15 can affect cellular ion fluxes and membrane depolarisation very rapidly after their 
application (Mathieu et al. 1991). Oligogalacturonides with DP ~!9 can also increase the 
intracellular concentration of Ca 2 in carrot cell-suspension cultures (Messiaen et al. 
1993). 
1.11.7.2 Transport and turnover 
The presence of a signalling molecule in vivo must be controlled in order to maintain the 
required level of cellular activity; in the case of oligosaccharides, this may be done either 
by turnover by enzymes present in the apoplast or by transport of oligosaccharins or 
secondary messengers such as PIIF from a site of production in the plant. The fate of a 
radiolabelled xyloglucan-derived oligosaccharin [glucitol-3H]XXFG01 was monitored in 
excised pea shoots (Warneck et al. 1998). The authors report acropetal translocation of 
the oligosaccharin through the stem and breakdown of the oligosaccharin by hydrolytic 
enzymes leading to the release of the [ 3H]glucitol from the molecule. The incorporation 
[g1ucito1-3H]XXFG01 into PCW polymers was also observed, suggesting that 
incorporation of the oligosaccharins into hemicelluloses via transglycosylation reactions 
also controls the concentration of XXFGo1 that is free in the plant at any one time. 
1.11.7.3 Natural occurrence 
The investigation of regulatory activities of oligosaccharins has predominantly involved 
the use of fragments produced in vitro by enzymic or acid hydrolysis of cell walls or 
polysaccharides (Fry 1986b). In order to support the oligosaccharin concept the 
identification of oligosaccharins in vivo is vital; however, since these molecules are often 
present in plants at very low concentrations, their detection can be difficult. A 
trisaccharide containing OlcA, Man and inositol residues, which was able to decrease the 
incorporation of [ 14C]Leu into the proteins of rose cells, has been identified in the 
medium of rose cell-suspension cultures (Smith and Fry 1999). This oligosaccharin is 
thought to be derived from a phytoglycolipid, representing a new class of potential 
oligosaccharins in plants that may be phosphorylated in vivo (Smith and Fry 1999a, 
1999b). This discovery also supports the idea that the search for oligosaccharins in vivo 
may lead to the discovery of novel oligosaccharins or of methods of de novo production 
in vivo. The xyloglucan-derived oligo-+saccharin XXFG has also been isolated from cell-
suspension cultures (McDougall and Fry 1991), suggesting its formation does occur in 
vivo. 
As discussed in section 1.11.6, free N-glycans have been isolated from the tomato 
fruit pericarp during ripening (Priem et al. 1993). Other investigations into the role of 
oligosaccharides in ripening have utilised fragments produced from enzymically active 
isolated walls (Brecht and Huber; see section 1.11.4.3) and these fragments may also be 
representative of those which would be present in vivo in tomato fruit during ripening. 
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1.12 Aims of the present work 
The work carried out in this study aims to: 
Identify any low molecular weight oligosaccharides that are naturally present in 
tomato fruit at different ripening stages. 
. Test any such oligosaceharides for potential oligosaccharin activity. 
. Investigate novel non-enzymic methods of polysaccharide solubilisation and 
depolymerisation that may occur during tomato fruit ripening. 
Develop a new method for detecting hydroxyl radical activity specifically in the 
apoplast of plant tissue. 
2 Materials and methods 
2.1 General Chemicals 
All solvents used were of analytical reagent grade and were at least 99% pure. Unless 
otherwise stated all other chemicals were obtained from Sigma—Aldrich, Poole, UK. 
2.2 Tomato fruit 
2.2.1 Growth 
Tomato fruit seeds (cultivars Alisa Craig, Moneymaker and Tiny Tim) were obtained 
from King's seed merchants. The plants were grown in the greenhouse with 
supplemented lighting to give eighteen hours of light and six hours of darkness. On the 
plants each truss was limited to five fruits to allow more uniform fruit growth. Fruits 
were harvested at selected ripening stages, which were identified by the external pericarp 
colour (see page 33). 
2.2.2 Excision 
Pericarp material was excised from the fruit using a sharp razor. The tissue was sliced 
horizontally from the distal to the proximal end of the fruit and removed. Locular 
material was then removed gently with a spatula from the remaining placental material. 
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2.3 Extraction of low-M r compounds from fruit 
2.3.1 Formic acid extraction of total soluble components 
The washed pericarp or the untreated locule of MG and red-ripe tomato fruit (cultivar 
Alisa Craig or Moneymaker) was and frozen immediately at —80°C. The tissue was then 
immersed completely in an equal volume of 15% formic acid (w/v) and left to defrost 
overnight with moderate shaking at 4°C. The tomato fruit—formic acid mixture was then 
passed through four layers of muslin, the resulting filtrate was centrifuged at 10 000 rpm 
for 15 minutes (Superspeed centrifuge, Du Pont Instruments), and the resulting 
supernatant stored at 4°C. This extraction procedure was used for the isolation of total 
endogenous oligosaccharides. 
2.3.2 Extraction buffers 
After incubation with radiolabelled probes (section 2.16. 1) Tomato pericarp, locular and 
placental material was excised and shaken for 2 h in either 1 M mannitol containing 
10 mM dithiotheritol, 10 m sodium thiosulphate, which are reducing agents and 1% 
Triton-X100 to ensure cells were killed, or 50% methanol containing 1 M pyridinium 
formate. 
2.3.3 Sampling apoplastic fluid 
2.3.3.1 For disaccharides 
Apoplastic fluid was extracted from ripe tomato fruit pericarp (150 g) that had had its 
inner surface rinsed with distilled water for 3 mm. 10-15 layers (total of approximately 
200 pieces) of thin cigarette paper (1 x 1 cm) were place onto the washed but uncut inner 
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surface of the pericarp tissue that faced the locule. The paper was placed inside a 
hollow square of filter paper positioned to absorb any material that may have originated 
from the protoplasts of cut cells (Fig. 2.1). Any paper with tomato tissue attached to it 
after being in contact with the pericarp surface was discarded along with the outer filter 
paper square; sugars were then eluted from the tissue paper by the method of Eshdat and 
Mirelman 1972). The samples were then analysed for disaccharides using paper 
chromatography (2.6.2 and HPLC (section 2.6.6) 
2.5 cm 
2.5 cm 





Fig 2.1 Sampling ripe tomato fruit pericarp apoplastic fluid by capillary action 
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2.3.3.2 For ascorbate 
Apoplastic ascorbate was collected by shaking excised tomato pericarp, locular and 
placental tissue in 10 mM tartrate buffer (sodium form; pH 4.4) for 60 rnin at room 
temperature. The pericarp tissue had its cut surfaces lightly blotted and sealed with 
petroleum jelly prior to shaking in order to prevent contamination of the solution with 
material from the protoplasts. The apoplast sample was then centrifuged at 7000 rpm for 
5 mm. The supernatant was analysed for the presence of ascorbate (section 2.7.1.2) 
2.4 Production of tomato fruit alcohol-insoluble residue 
AIR was isolated from the pericarp tissue of 1MG or MG tomato fruit by homogenisation 
of the excised tissue in three volumes of ethanol at room temperature in a blender 
(Atomix, UK). The samples were stirred overnight in the ethanol and then washed in 
three further volumes of 75% ethanol and one volume of neat acetone before being dried 
in air. 
2.5 Drying samples 
2.5.1 Speed vacuuming 
Samples were dried in a Speed Vac concentrator (Savant; using refrigerated condensation 
trap, Stratech Scientific, London; Genevac VP 100 pump). 
2.5.2 Freeze drying 
Samples were frozen at —80°C at a slight angle and then placed in freeze drier (Modulyo) 
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and left until completely thy. 
2.6 Separation methods 
2.6.1 Gel-permeation chromatography 
Fruit extracts were fractionated into eighty fractions on a Bio-Gel P-2 column .(bed 
volume 740 ml, flow rate —50 ml/h; fraction volume 9.3 ml; or 170 ml, flow rate —11 
ml/h; fraction volume 2.1 ml) at room temperature. This medium has a fractionation 
range of M1  —200-2000. The column was calibrated with radiolabelled hemicellulose 
(produced by [3H]arabinose-fed maize cell suspension-culture; many thanks to E. Fowler) 
and [3H]arabinose or with dextran and colbalt chloride. The columns were run in either 
0.5% chlorobutanol or pyridine:acetic acid:water:chlorobutanol (1:1:23:0.125, pH 4.7) or 
1 M formic acid. 
Pectins were fractionated on Sepharose CL-613 (bed volume 95 ml; flow rate 
6 mI/h; fraction volume 1.2 ml) in 0.1 M sodium chloride containing 10 mM EDTA (pH 
4.4) at room temperature. This medium has a Mr fractionation range for dextrans of 
10 000-1000 000. 
2.6.2 Paper chromatography 
Further fractionation of monosaccharides and oligosaccharides in Bio-Gel P-2 fractions 
was carried out by descending paper chromatography using Whatman No. 1 paper. 
Several different solvent systems were used to develop paper chromatograms (Table 2. 1). 
Paper chromatograms were then stained with silver nitrate or aniline hydrogen-phthalate 
(Section 2.7). 
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Table 2.1 Solvent systems used to separate monosaccharides and oligosaccharides 
Solvent system 
Ethyl acetate/acetic acid/water EAW) 
(10:5:6) 
Butan- 1 -ol/acetic acid/water (BAW) 
(12:3:5) 




Separation of non-basic oligosaccharides 
DP 3-13 
Separation of non-basic monosaccharides 
and disaccharides 
Separation 	of 	non-acidic 
monosaccharides 
Separation of neutral oligosaccharides DP 
2-4 
For elution of solutes from preparative paper chromatograms, each section of paper was 
placed into a 5-ml syringe barrel that was placed in a 15-ml centrifuge tube. The paper 
was wetted with water and the tubes were centrifuged at 2500 g for 5 mm (Centaur 2 
centrifuge),-  the wetting and centrifuging process was repeated three times (Eshdat and 
Mirelman 1972). 
2.6.4 Thin-layer chromatography plates 
Thin-layer chromatography (TLC) was carried out on Merck plastic backed silica-gel 
plates with or without fluorescent indicator in BAW (3: 1:1) or toluene: acetic acid (9:1). 
2.6.5 Hanging high-voltage paper electrophoresis 
High-voltage paper electrophoresis was performed on Whatman No.1 paper at pH 3.5 
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(aceitc acid:pyridine:water 10:1:189 by vol.) with orange G as an external marker 
(Wright and Northcote 1975) or in borate at pH 9.4 (1.9% di-sodium tetraborate 
adjusted to pH 9.4 with sodium hydroxide) with (picric acid as an external marker 
(Narasimham et al. 1980). The paper electrophoretograms were run in tanks with white 
spirit as a immiscible coolant; white spirit was kept cool by running water through coils at 
the top of the tank. Suitable buffer (approximately 500 ml) and a platinum anode were 
placed at the bottom of the tank and another 250 ml of buffer was placed in a trough at 
the top of the tank along with a platinum cathode. The paper was wetted with suitable 
buffer and was placed in the tank with each end in contact with buffer 
2.6.6 High-pressure liquid chromatography 
High pressure liquid chromatography (HPLC) was carried out using a Dionex system 
(Dionex, USA) with a Dionex Carbopac PAl column and a pulsed amperometric detector 
containing a gold electrode. The sample and standards (20 PI) were injected onto the 
column and eluted over 75 mm. The eluent program for disaccharides (protocol 1) was 
as follows: 0-42 mm, 30 mM sodium hydroxide; 42-58 mm, linear gradient of 30-
600 mM sodium hydroxide; 58-63 mm, 600 mM sodium hydroxide; 63-64 mm, linear 
gradient of 600-30 mM sodium hydroxide; 64-75 mm, 30mM sodium hydroxide. The 
eluent programme for separation on monosaccharides (protocol 2) was as, follows: 0-
1.80 mm, 20 mM sodium hydroxide; 1.81-30 mm, 100% water; 30-60 mm, linear 
gradient from 20 —800 mM sodium hydroxide; 60-65 mm, 800 mM sodium hydroxide; 
65-67 mm, 800-2OmIvI sodium hydroxide; 67-75 mm, 20 mlvi sodium hydroxide. 
2.6.7 Flat-bed electrophoresis 
Flat-bed electrophoresis of polysaccharides (Truelsen et al. 1999)was carried out on a 23 
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x 56 cm sheet of glass fibre filter paper (Whatman GF/A) that had been silanised by 
dipping in 1% dichiorodimethylsiline in hexane and dried without heat overnight (Jarvis et 
al. 1977). The silanised paper was wetted with running buffer (25 mM sodium citrate 
containing 0.2% Triton X-100; pH 6.5) and samples containing 50 R8  of pectin were 
loaded as 0.1% solutions. External polysaccharide markers were dissolved at 0.2% (wlv) 
in running buffer and loaded (20 p.xl). Picric acid (1 .tl saturated aqueous solution) was 
loaded between each sample. The electrophoresis was run at 1.5 kV (120-130 mA) in a 
flat-bed cooling system for 70 min and the paper was dried overnight without heat. The 
paper was stained in the sulphonated ct-naphthol reagent of Barrett and Northcote (1965) 
in acetone (see section 2.7). 
2.6.8 Ion exchange chromatography 
Cation-exchange columns (bed volume 1 or 2 ml; Dowex-50 4% cross-linkage dry mesh 
100-200) were prepared by washing in 0.5 M hydrochloric acid for 1 h then rinsing 
thoroughly in water. Anion-exchange columns (bed volume 1 or 2 ml; Dowex-1 4% 
cross-linkage, dry mesh 100-200) were prepared by washing in either 2 M sodium 
acetate or 1 M pyridnium formate; in both cases the column was rinsed with 300 ml water 
before use. Radioactive samples subjected to anion-exchange chromatography were 
treated with 100 mg of sodium dihydrogen osthophosphate dihydrate before counting. 
2.6.9 Reverse-phase C13 column chromatography 
C18 columns (Discovery; 100 ril or 20 ml) which removed non-polar solutes from 
solution were prepared by running through with three volumes of 50% methanol followed 
by three volumes of water. The sample was loaded as an aqueous solution, containing 
half-saturated ammounium sulphate and non-polar compounds including phenolic-
containing compounds were eluted with water. 
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2.7 Assay of compounds 
2.7.1 Ascorbate 
2.7.1.2 Ascorbate oxidase 
For extraction of total ascorbate tomato fruit tissue was shaken in 10% metaphosphoric 
acid for 1 h. The extract was then centrifuged at 7000 rpm for 5 min and sodium 
succinate buffer (1 ml; pH 5.6) added to the supernatant (1 ml) at a final concentration of 
0.25 M. The ascorbate was measured in 1 ml by addition of ascorbate oxidase (2 U from 
Cucurbita species dissolved in 2 pi 100 mlvi sodium succinate pH 5.6) and measuring the 
decrease in absorbance at 260 nm (Takahama and Oniki 1992). The apoplastic sample 
was mixed with sodium succinate (pH 5.6) and metaphosphoric acid to final 
concentrations of 0.25 M and 5%, respectively. The samplS were then assayed using 
ascorbate oxidase as for total ascorbate samples. A series of standards were carried out 
for this experiment using ascorbate (0-100iM). 
2.7.2.2 DCPLP 
To measure changes in ascorbate concentration in the presence of tomato fruit AIR 
ascorbate was measured by successive addition of 10-k' aliquots of 0.1% DCPIP to the 
solution until it remained pink for at least 5 s (Jones and Huges 1983). 
2.7.3 Total carbohydrate 
To a 0.4-ml aliquot of the sample was added 10 jil aqueous 80% (w/v) phenol and 1 ml 
concentrated sulphuric acid. The solution was mixed thoroughly, incubated on the bench 
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for 10 min and cooled in tap water for 10 mm. The absorbance of the sample was 
measured at 485 nm (Dubois et al. 1956). 
2.7.4 Hexoses 
To a 0.5-ml aliquot of sample was added 1 ml of 0.2% anthrone in concentrated sulphuric 
acid. The sample was mixed and incubated in a boiling water bath for 5 min and cooled 
and the absorbance was read at 620 nm (Dische 1962). A series of standards were carried 
out for this experiment using glucose (0-10piM). 
2.7.5 Uronic acid 
A 0.2-ml aliquot of the sample was mixed with I ml of a solution containing 0.5% borax 
in concentrated sulphuric acid. The sample was incubated in a boiling water bath for 
5 min and then left to cool before the absorbance was read at 520 nm. To the sample was 
then added 20 pil of 0.15% m-hydroxybiphenyl dissolved in 1 M sodium hydroxide. The 
sample was incubated at 25°C for a further 5 min and the absorbance read at 520 nm; the 
first absorbance was subtracted from the second (Blumenkrantz and Asboe-Hansen 
1973). A series of standards were carried out for this experiment using galacturonic acid 
(0-2OpiM). 
2.7.6 Copper 
Tomato fruit tissue (0.5g) was freezr dried and heated at 100°C for 4 h and then ashed at 
450°C for 4 h. The sample was then transferred along with 10 ml of 8 M nitric acid into 
a teflon vessel and digested in a microwave oven for 20 min followed by incubation at 
170 atm pressure for 15 mm. After cooling the volume of the sample was evaporated to 
Vt' 
I ml then made up to 25 ml in 1 M hydrochloric acid. 
The sample was analysed using an Ati Unicam solaar 929 flame atomic absorption 
spectrometer for each of the individual metals. Prior to analysis standards were prepared 
by diluting 1000 ppm stock solution with 1 M hydrochloric acid. These standards were 
used to give a calibration line, which unknown samples could then be calculated from. 
Results were corrected for weight taken and final volume of solution. 
2.8 Visualisation of carbohydrates on paper chromatograms, 
paper electrophoretograms and thin-layer chromatograms 
Each of the stains described in section 2.7.1 and 2.7.2 have different advantages and 
disadvantages (Table 2.2). 
2.8.1 Silver nitrate 
The paper was dipped through a solution containing 2 ml saturated silver nitrate solution 
diluted in 400 ml acetone (solution 1), left to dry in a fümehood for 15 mm, then dipped 
through a solution containing 12.5 ml 10 M sodium hydroxide mixed with 11 ethanol 
(solution 2). The paper was dipped in solution 2 3-4 times with 10 min drying in a 
fbmehood between each dip. The chromatogram was then dipped once, slowly, through 
a solution containing 15% (w/v) sodium thiosulphate (solution 3) and washed in tap 
water gently for 1-2 h before being left to dry on the bench. Paper electrophograms run 
in borate at pH 9,4 were stained as above except that solution 2 contained 2% NaOH and 
4% pentaerythritol in 80% ethanol. 
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2.8.2 Aniline hydrogen-phthalate 
The paper was dipped through a solution containing 16 g phthalic acid in 490 ml acetone, 
490 ml diethyl ether and 20 ml water, with 0.5% aniline added immediately prior to 
dipping. The dipped chromatogram was left to dry for 5 min then placed in an oven at 
105°C for 5 min. 
Table 2.2 Advantages and disadvantages of two carbohydrate stains 
Stain Advantages Disadvantages 
Silver nitrate Sensitive: 	will 	detect All sugars stain the same 
0.1 pgofAra(Fry 1988) colour 
Aniline hydrogen-phthalate Will 	stain 	different Is less sensitive than silver 
monosacchrides different nitrate 	stain: 	will 	stain 
colours. 	Especially 0.4 pg Ara. 	Will not stain 
noticeable between non-reducing sugars (this 
pentoses and hexoses and can be advantageous) 
uronic acids. 	Can be used 
to 	locate radioactive 
compounds developed on 
- 	
- paper chromatograms with 
only 	some 	loss 	of 
radioactive counts  
2.8.3 Molybdate stain 
The paper were dipped through a solution containing 2 g ammonium molybdate in 17 ml 
water with 3 ml concentrated HC1, and 6 ml 60% perchloric acid all dissolved in 180 ml 
acetone. The dipped paper was dried for 10 mm, then exposed to UV light (366 nm) 
followed by heating at 100°C for 2 mm, with any visible spots being marked after each 
treatment. 
2.8.4 Thymol—sulphuric acid stain 
After development the TLC plate was sprayed with a solution of 0.5% thymol (5-methyl-
2-isopropylphenol) and 5% sulphuric acid (v/v) in 95% ethanol (v/v). The plate was then 
heated at 105°C for 5 mm (Jork et al. 1964). 
2.8.5 Sulphonated a-naphtol stain for flat-bed electrophoretograms 
The glass-fibre paper was stained by dipping through a 33% (v/v) solution of sulphonated 
ct-naphtol reagent (Barrett and Northcote 1965) in acetone. The paper was then dried 
for 30 mm, wrapped in foil and sealed with tape and heated at 100°C for 30-40mm. 
2.9 Assay of radioactivity 
2.9.1 Aqueous samples 
Aqueous rabiolabelled solutions were mixed with OptiPhase Hisafe (Wallac Chemicals) in 
a ratio of 10:1 or "-5:1 (scintillation fluid/sample) and assayed for radioactivity in a 
scintillation counter (Beckman LS 5000 or LS 6500). 
2.9.2 Non-aqueous samples 
Unstained paper chromatograms were cut into strips either 4 x 1 cm or 4 x 0.5 cm 
Eli 
depending on the resolution required. The paper strips were saturated in OptiScint 
Hisafe scintillation fluid (Wallac Chemicals) and assayed in a scintillation counter. If a 
non-radioactive internal marker needed to be stained following the location of a 
radioactive sample then the scintillation fluid was removed by washing each paper strip in 
toluene, allowing the strip to dry and repeating this process three times. The strips were 
then stained to locate the carbohydrate marker using silver nitrate stain. 
TLC plates were covered with Sellotape to prevent crumbling and cut into strips 
as for paper chromatograms. The TLC strips were left to soak in scintillant for at least 
1 h so that the tape was removed from the silica-gel before scintillation-counting. 
2.9.3 Autoradiography 
The unstained TLC plate was taped in place in a foil-lined X-ray cassette (Dupont SR-
397; 30 x 40 cm); radioactive ink was dotted on three corners of the plate to ensure that 
its orientation in relation to the X-ray film was known. X-ray film (Cronex X-ray film; 
30 x 40 cm) was then placed over the TLC plate; the cassette was sealed and the X-ray 
film was exposed in the dark for 2.5 weeks. After this time the X-ray film was 
developed. 
2.10 Composition of carbohydrates 
2.10.1 Acid hydrolysis 
Carbohydrates (20pg) were broken down into their monosaccharide components by acid 
hydrolysis in 2 M trifluoroaccetic acid (TFA) in a small sealed tube (total volume 40 R1) 
and heated at 120°C for I h. The products were fractionated by paper chromatography 
on Whatman No. 1 (section 2.6.2). 
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2.10.2 Alkali hydrolysis 
Alkali hydrolysis of sugar-esters was attempted by dissolving the 20 pg of ripe tomato 
fruit carbohydrate eluted in late-eluting fractions from Bio-Gel P-2 (see Fig 3.24) in 
0.1 M sodium hydroxide and incubating for 30 min at room temperature or on ice for 1 h. 
The sample was then acidified with 4 p1 acetic acid (18 M). The products were 
fractionated by paper chromatography on Whatman No. I (section 2.6.2). 
2.10.3 Driselase digestion 
To the dry sample (50 mg) was added 100 ILd 1% Driselase in PyAW (1:1:98:0.125 
chiorobutanol; pH 4.7) for 4 days at 37°C. After 4 days the samples were acidified with 
excess formic acid (10 pI). The dried sample was then used for paper chromatography 
(section 2.6.2) and HPLC (section 2.6.6). 
2.11 Introduction of compounds into tomato fruit 
2.11.1 Via the transpiration stream 
Tiny Tim tomato fruit at different stages of ripeness were picked with stem material 
(approximately 5 cm) still attached to the fruit. The compound to be used was dissolved 
in I ml water and pipetted into a small, shallow plastic container. The basal 0.2 cm of the 
stem tissue was cut with a razor blade and the freshly cut surface was placed into the 
liquid with the tomato fruit resting on the bench surface. The fruit were incubated for up 
to 4 days at room temperature. All of the solution was taken up by transpiration after 
approximately 24 h and water was replenished in 1 ml aliquots when required. 
2.11.2 Vacuum infiltration 
The MG or red-ripe picked fruit was surface sterilised in 10 mlvi sodium hypochiorite 
solution for 30 s then washed and dried. The compound to be tested was dissolved in 50 
ll water for Tiny Tim fruit and 200 uI water for Alisa Craig fruit and then pipetted 
directly on to the stem scar of the picked fruit. The fruit was then placed under reduced 
pressure at 60 mm Hg for 40-60 s then the vacuum was released slowly causing the 
solution to be drawn into the fruit. 
2.11.3 Incubation of tissue pieces in buffer 
2.11.3.1 Effect of buffers on the incorporation of [ 14C]Ieucine into ripe tomato fruit 
pericarp 
Washed ripe tomato pericarp (0.5 g) was incubated in individual wells on 'Cell Well' 
plates (2.5 cm diameter, Coming) with a number of different buffers (1.5 ml) containing 
0.185 kBq [ 14C]Leu (312mCiImmol) for 1 h at room temperature with gentle shaking. 
To measure the incorporation of the [ 14C]Lec into the pericarp proteins the tissue was 
incubated in cold 10% trichloroacetic acid (TCA) at 4°C for 18 h; each piece of tissue 
was then washed in three 5-ml volumes of ice-cold 10% TCA and filtered with asperation 
each time on glass fibre discs (Whatman GF/A). The samples were then assayed for 14C. 
2.11.3.2 Shaking tissue pieces in buffer 
In experiments where radiolabelled compounds were incubated with fruit, a piece of 
excised tomato fruit pericarp (0.5 g) had its cut edges blotted lightly and briefly and was 
shaken in 10 mM tartrate (2 ml; sodium form, pH 4.4) containing the compound to be 
tested for 2 h at room temperature. After shaking the tissue was removed from solution. 
2.12 Bioassays of Oligosaccharides 
Carbohydrates were purified using preparative paper chromatography (section 2.6.2), 
borate paper electrophoresis (section 2.6.5) and gel-permeation chromatography (section 
2.6.1) vacuum infiltrated as described in section 2.11.2. 200jig was vacuum infiltrated 
into Alisa Craig tomato fruit and 50xg was infiltrated into Tiny Tim tomato fruit. The 
fruit were then incubated in individual glass jars at a constant temperature of 25° with 
constant lighting of 65 piE m 2  s. Ripening was assessed at the same time every day, by 
looking for external colour change. 
2.13 Making radiolabelied gentiobiose 
[ 14
C]Gentiobiose was made using a slight modification of the transglycosylation method 
described by Cline and Albersheim (1981). Laminariheptaose (0.5 mg) was, incubated 
with [U- 14C]gtucose (32 Rg; specific activity 300 Cl/mo!) in the presence of 13-
glucosidase (0.1 U from almonds; Sigma Chemical Co.) in a total reaction volume of 
50 0 containing pyridine acetate (final concentration 100 mM, pH 5.2) for 24 h at 25°C. 
The formation [ 14C]gentiobiose was monitored by silica-gel TLC in BAW (3:1:1) 
followed by autoradiography. 
[ 14C]Gentiobiose was then purified by paper chromatography once in EAW 
10:5:6 and once in EPyW 10:4:3, followed by paper electrophoresis in borate at pH 9.4. 
Sodium was removed from the sample by cation-exchange chromatography and the 
eluent was repeatedly dried in a Speed Vac from methanol containing 2% acetic acid to 
remove H3B03. This process was carried out with cold gentiobiose to check that no 
sugar was lost. The identity of the [ 14C]gentiobiose was confirmed by paper 
chromatography (EPyW 10:4:3) with and without an internal marker and by its products 
upon acid hydrolysis, and by paper electrophoresis with an internal marker in borate at 
pH 9.4. 
2.14 Effect of ascorbate and organic acids on immature or 
mature green tomato fruit cell walls 
The AIR was washed overnight at room temperature in 100 mM sodium acetate buffer 
(pH 4.7) then collected by filtration through Miracloth (Calbiochem). AIR was re-
suspended in a suitable buffer depending on the experiment and dispensed in aliquots by a 
syringe barrel with constant stirring of the sample. Each sample contained 2.5 mg AIR in 
1 ml of buffer with combinations of final concentration of ascorbate (1 MM), hydrogen 
peroxide (1 mM) and copper sulphate (1.5 1iM). Samples were incubated in the presence 
of air and at room temperature for 18 h then AIR was removed by filtration through a 
Pasteur pipette containing glass wool. 
A similar experiment was also carried out in the same manner when organic acids 
(sodium form, pH 4.7) other than ascorbate were added to the AIR samples. Organic 
acids were added either at a final concentration of 50 mM, or at a concentration that led 
each sample to have an equal ionic strength of 50 mM. 
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2.15 Production of BzG 3, BzK5Me and BzPA 
[3H]BzG3 was purchased from Amersham chemicals. [ 3H]BzK5Me and [3H]BzPA were 
prepared by Prof S. Fry. [ 3H]benzoic acid and the specific amine were reacted together in 
a condensation reaction. Compounds were then purified by gel-permeation 
chromatography. 
2.16 Binding of BzG3 and BzK5Me to ripe tomato fruit 
pericarp 
Pieces of ripe tomato fruit pericarp (1 g) were incubated in 2 ml 10 mM tartrate buffer 
(sodium form; pH 4.4) containing either either N-[ 3H]benzoylglycylglycylglycine 
([3H]BzG3) (0.04 piCi) or, N-[3H]-benzyllysyllysyllysyllysyllysine methyl ester 
([3H]BzK5Me) (0.04 pCi; section 2.15). At hourly time-points, 200-.tl aliquots of 
solution were assayed for radioactivity. After four hours the tissue was then removed 
from the buffer, blotted briefly and placed in 2 ml of fresh tartrate buffer for 30 mm; an 
aliquot of the buffer was assayed for radioactivity and this process was repeated for each 
tissue sample The tissue was then ground in fresh tartrate buffer and centrifuged at 
2500 g for 10 mm; an aliquot of the supernatant was assayed for radioactivity. This 
process was repeated for each sample. Finally the ground tissue sample was incubated 
with 1 ml of 1 M NaCl and shaken for 30 mm; the homogenate was centrifuged as before 
and an aliquot of the supernatant was assayed for radioactivity. 
2.16.1 Testing for hydroxyl radical production in tomato fruit tissue 
Tomato fruit (6 ± 0.5 g) were incubated with I pCi of [3H]BzG3 [3H]BzK5Me or [3H]-
benzoylpolyallylanine ([ 3H]Bz.PA), in its chloride form. The samples speed vacuumed to 
dryness and re-dissolved in water, the volume depending on the method of infiltrating the 
solution into tissue (vacuum infiltration = 50 p1, transpiration stream = 1 ml, shaking = 
2 ml). Radiolabelled products were then extracted (section 2.3.2) and charged 
compounds removed (see fig 5.1 and 5.6). 
2.17 Isolation of total endogenous oligosaccharides from 
tomato fruit 
Carbohydrates in 35 ml ripe tomato formic acid extract (section 2.3.1)were fractionated 
on a Bio-Gel P-2 (bed vol. 740 ml; flow rate 50 ml/h) in 0.5% chlorobutanol. 
Carbohydrate content was measured using the phenol—sulphuric acid assay (section 2.7.3) 
and samples containing at least 20-40 tg carbohydrate were developed by paper 
chromatography in EAW (12:5:6) along with external or internal markers; most 
monosaccharide and disaccharide marker mixtures (0.5% w/v) were prepared from 
commercial sources (Table 2.3). Oligogalacturonides were prepared by hydrolysis of 
homogalacturonan (2 g) in pyridium acetate buffer pH 4.7 by 100 mg pectinase (Erwinia 
sp.) (many thanks to Dr G. Plastow, Dalgetty Spillers Ltd, Cambridge). 
Table 2.3 Glucose disaccharides used as markers 
Glucose disaccharide Linkage and configuration of glucose Source 
residues  
Trehalose 1 -O-ct-D-Glucopyranosyl ct-D- Sigma 
glucopyranoside 







with glucose- i- 
phosphate and 
sucrose. (Kitao et 
al. 1994). Many 
thanks to S. 
Yoshida and T. 
Ishii 
Nigerose 3 -O-a-D-Glucopyranosyl D-glucose Sigma 
Maltose 4-0-a-D-Glucopyranosyl D-glucose Sigma 
Isomaltose 6-0-a-D-Glucopyranosyl D-glucose Sigma 
Sophorose 2-0--D-G1ucopyranosyl D-glucose Sigma 
Laminaribiose 3-0--D-G1ucopyranosyl D-glucose Sigma 
Cellobiose 4-0-0-D-Glucopyranosyl D-glucose Sigma 
Gentiobiose 6-0--D-G1ucopyranosyl D-glucose Sigma 
2.18 Purification of endogenous neutral disaccharides from 
tomato fruit 
Carbohydrates in 35 ml ripe tomato formic acid extract (section 2.3. 1) were fractionated 
down a large Bio-Gel P-2 (bed vol. 740 ml; flow rate 50 ml/h) in 1 M formic acid. All 
fractions after the void volume to the included volume were pooled from two runs, freeze 
dried and re-dissolved in water (2 ml). The sample was subjected to both anion- and 
cation-exchange chromatography, freeze dried and re-dissolved in 1 M formic acid. The 
neutral carbohydrates in formic acid were then eluted on a small Bio Gel P-2 column (170 
ml; flow rate 11 ml/h) in 1M formic acid. Compound 1 and 2 were separated from each 
other and other sugars by preparative paper chromatography in EPyW (10:4:3). To 
locate compounds of interest small strips of the chromatograms were cut from either end 
and stained, or external markers run at either side of the sample were stained using silver 
nitrate. The two sugar samples eluted from the chromatogram were freeze dried, re-
dissolved in water, subjected to preparative paper chromatography in EAW (10:6:5) for 
20 h and subjected to paper chromatography, paper electrophoresis and Dionex HLPC 
with external and internal disaccharide markers 
2.19 Isolation of apoplastic oligosacchrides from tomato fruit 
The apoplastic sample (section 2.3.3.1) was freeze dried and eluted from Bio-Gel P-2 
(170 ml; flow rate 11 ml/h) in 0.5% chlorobutanol. Suitable disaccharide-containing 
fractions (identified using the anthrone test) were dried, re-dissolved in water (1 ml) and 
subjected to preparative paper chromatography in EPyW (10:4:3) to separate neutral 
monosaccharides from the disaccharides. The carbohydrate material was eluted with 
water, dried then re-dissolved in water (150 r.) and a portion (40 RI)  run on paper 
chromatography in EPyW (10:4:3) along with external markers. The extract was 
subjected to anion- and cation-exchange chromatography, dried and re-dissolved in water 
(150 Rl);  an aliquot (20j.tl) was run on Dionex FIPLC. To test whether the sample was 
indeed apoplastic, the material remaining bound to the anion-exchange column after 
elution with water was eluted with PyAW (1:1:23, pH 4.7); this anionic fraction was 
freeze dried and re-dissolved in water before being subjected to paper electrophoresis and 
run at pH 3.5. The electrophoretagram stained with molybdate stain in order to detect 
any sugar phosphates that could indicate the presence of cytoplasmic material. 
3. Oligosaccharides present during tomato fruit 
ripening 
Oligosaccharides have a putative role as signalling molecules within the plant with 
much evidence arising from research identifying the elicitation of defence responses 
and effects on growth and development by these molecules. It has been suggested 
that oligogalacturonides of DP >8 (Campbell and Labavitch 1991a), especially those 
with neutral sugar side chains (Melotto et al. 1994), are able induce an increase in the 
biosynthesis of ethylene in fruit and so can affect the timing of fruit ripening 
(Campbell and Labavitch 1991. b). However, the evidence for the presence of cell 
wall-derived oligosaccharides with potential oligosaccharin activity in vivo is limited 
and this makes it difficult to draw conclusions about what cell wall-derived 
oligosaccharides are actually present in the plant apoplast and what their precise role 
is during plant growth and development. 
3.1 The effect of formic acid on acid-labile glycosidic bonds 
The Fuc residue of the xyloglucan-derived nonasaccharide XXFG is prone to 
hydrolysis by acid solutions. To test whether the 15% formic acid solution used to 
extract oligosaccharides from tomato fruit caused such hydrolysis and therefore 
breakdown of potential novel products or the production of low molecular weight 
products not normally present in vivo, [Fuc-3H]XXFG was incubated with 15% 
formic acid at 4°C and monitored for the release of [3H]Fuc. Samples were 
developed on paper chromatography (BAW 12:3:5, 18 h) along with an external non-
radioactive Fuc marker at various intervals over a three-year period (Fig. 3.1-3.5). 
The Fuc residue remained attached to the oligosaccharide (RF 0.0) for at least a year 
and was only partially removed after three years. In practice tomato extracts were 
discarded after 1 month; therefore the effect of 15% formic acid on glycosidic bonds 
was minimal. However, the Araf bond is even more acid-labile than the Fuep bond; 
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Fig 3.1-5 The action of 15% formic acid on the flicose residue of [Fuc-
3H]XXFG. Paper chromatograms were developed for 18-20 h in BAW (12:3:5) 
immediately after addition of oligosaccharide to the formic acid (Fig. 3. 1), or 
after I month (Fig. 3.2), 12 months (Fig. 3.3) 20 months (Fig. 3.4) or 36 months 
(Fig. 3.5). 
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3.2 Oligosaccttarides present in tomato fruit 
3.2.1 Oligogalacturonides 
The formic acid extract from red-ripe tomato fruit was fractionated on Bio-
tie! P-2 equilibrated and eluted with unbuffered 0.5% chlorobutanol; the amount of 
carbohydrate in each fraction was estimated using the phenol—sulphuric acid test 
(Fig. 16b). A l-ml aliquot of each fraction was dried and re-dissolved in 40 iii  of 
water (or more if necessary to ensure a carbohydrate concentration of ~-: 1%); 40 xl 
(i.e. up to 400 jig) was analysed by paper chromatography on Whatman No. 1 in 
EAW(l0:5:6; 18 h). 
Staining the paper chromatograms with silver nitrate revealed the presence of 
Gic, Fm and GalA plus a series of oligomers, which were focused into the Bio-Gel 
P-2 fractions (F47-51) that eluted immediately prior to and including the included 
volume containing the neutral monosaccharides (Fig. 3.7a). These fractions 
containing the oligomers showed a peak of uronate when tested with the m-
hydroxybiphenyl assay. When these fractions were developed in EPyW (10:4:3) and 
stained in aniline hydrogen-phthalate, the oligomers remained at or very close to the 
origin and were stained orange, indicating that the oligomers had a uronic acid at 
their reducing end and were highly acidic (results not shown). The movement of the 
oligomers in EAW (10:5:6) but not in EPyW (10:4:3) strongly suggests that they 
were acidic. The oligomers co-migrated with external homo-oligogalacturonide 
markers with DP 2-6 (Fig 3.7b). 
No oligogalacturonides were detectable in MG tomato fruit pericarp (Fig. 
3.6a and 3.8) but oligomers that co-migrated with external homo-oligogalacturonide 
markers (DP 2-5) were present in over-ripe fruit (Fig 3.6c and 3.9). Roam values for 
the oligomers from over-ripe fruit were very similar to those of external homo-
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Fig, 3.6 Gel-permeation chromatography of carbohydrates from (a) unripe, (b) ripe, 
(c) over-ripe tomato fruit fractionated on Bio-Gel P-2 (bed vol. 740 ml; flow rate 50 
ml/h) in unbuffered 0.5% chiorobutanol. Carbohydrates were assayed by the phenol-
sulphuric acid method. V0 and Vi are defined by the peak centres of 3H-labelled 
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Fig. 3.7a Paper chromatogram of carbohydrates from ripe 
tomato fruit after elution from Bio-Gel P-2 as shown in Fig. 
3.6. F= fraction no. CI= compound 1, C2=  compound 2. 
Marker mixture (ml) contained maltose (Mal), maltotriose 
(Ma13), maltotetraose (Ma14) and maltohexaose (Ma16). 
Solvent: EAW (10:5:6) 
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Fig. 3.7c pH of fractions eluted from Bio-Gel P-2 as Fig. 3.6b. pH measured 














J-1 4 / 	1'4y 	I 0 I 	I' 0.3 	I 	 iii I 	ii 
 
Fig, 3.8 Paper chromatogram of carbohydrates from 
unripe tomato fruit after elution from Blo-Gel P-2 as in 
Fig. 3.6. Marker mixtures were ml Mal, Gic, Ara; m2 
GalA, Fru, Xyl, Rha; m3 Mal—Ma15. F = fraction no. 
Solvent: EAW (10:5:6) 
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Fig. 3.9 Paper chromatogram of carbohydrates 
from over-ripe tomato fruit after elution Bio-
Ge P-2 as shown in Fig. 3.6. F= fraction no. 
Solvent: EAW (10:5:6) 
Stain: Silver nitrate 
Scale: 40% 
Table 3.1 RQa1A of homooligogalacturoflideS and oligomers from ripe tomato fruit on 






Oligomer from 	over- 
ripe tomato fruit 
2 0.64 0.62 
3 0.40. 038 
4 0.27 0.25 
5 0.15 0.15 
The acidic oligomers eluted from Bio-Gel P-2 in unbuffered 0.5% 
chiorobutanol in a very small number of fractions, producing a 'ladder' of 
oligogalacturonides on paper chromatography (Fig. 3.7a) prior to the elution of 
neutral monosaccharides and formic acid (Fig. 3.7c). This focusing of the acidic 
oligomers is thought to have resulted from the presence of formic acid in the sample. 
Formic acid is a small molecule and appears to elute after most of the 
monosaccharides in the included volume (Fig 3.7c). In formic acid the 
oligogalacturonides are almost un-ionised; this causes their movement down the 
column to slow (S. Fry personal communication). However, the presence of the 
formic acid along with other small solutes in this ripe tomato extract appears to cause 
galacturonic acid and oligogalacturonides to elute as a group prior to the included 
volume and the formic acid in the sample. The reason for this elution pattern is 
unknown. 
Elution of the ripe tomato extract with PyAW:chlorobutanol (1:1:23:0.125) 
pH 4.7 almost entirely eliminated the ladder of oligogalacturonides; this treatment 
did not appear to change the size of the oligosaccharides present in the extract (Fig. 
3.10 and 3.7b), suggesting that enzymes in the sample were not active. 
As an additional precaution to ensure that hydrolytic enzymes were not 
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Fig. 3.10 Gel-permeation chromatography of carbohydrates from ripe 
tomato fruit fractionated on Bio-Gel P-2 (bed vol. 740 ml; flow rate 
50 mlIh) in PyAW:chlorobutanol (1:1:23:0.125) pH 4.7. 
Carbohydrates were assayed by the phenol—sulphuric acid method. 
V0 and V1 are defined by the peak centres of 31{-labelled 
hemicellulose and [3H]arabinose, respectively, previously run on the 
same column. 
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production in vitro, an aliquot of ripe tomato fruit extract was fractionated on Bio-
Gel P-2 in 1 M formic acid. This eluent causes galacturonic acid and 
oligogalacturonides to elute in fractions after the included volume (Fig. 3.11 and 
3.12). The late elution of acidic oligomers in 1 M formic acid meant that this eluent 
was useful when I came to purify neutral sugars (section 3.2.3). The 
oligogalacturonides from ripe tomato extract that eluted in 1 M formic acid were of 
the same DP range (2-6) as those that eluted in unbuffered 0.5% chlorobutanol 
(results not shown); this would support the idea that no hydrolytic enzymes in the 
extracts were acting on oligogalacturonides once samples had been loaded on the 
Bio-Gel P-2 column in either buffered or unbuffered 0.5% chiorobutanol. 
3.2.2 Conclusion on oligogalacturonides 
I suggest that the acidic oligomers isolated from ripe tomato fruit ranging in size 
from DP 2 to DP 6 were simple a-(1—A)-linked homo-oligogalacturonides. The 
absence of large oligomers was unlikely to have been due to their breakdown post-
extraction as the extracted oligogalacturonides were rapidly separated from any 
enzymes that might have been renatured during gel-permeation chromatography. 
Oligogalacturonides from ripe fruit that eluted in 1 M formic acid also showed a DP 
of 2-6. However, polygalacturonic acid binds to the Bio-Gel matrix in I M formic 
acid and since larger oligogalacturonides were not tested it is not know whether 
oligogalacturonides with DP >6 may have remained bound to the column. 
The oligogalacturonides isolated were certainly smaller than those previously 
reported to have biological activity in tomato fruit (Labavitch and Campbell 1991a). 
However, Simpson et al. (1998) reported that oligogalacturonides with a of DP 4-6, 
purified from citrus pectin and introduced into tomato plants via the transpiration 
stream, were able to induce the expression of a gene encoding ACC oxidase and to 
promote ethylene production. Other workers (Bishop et al. 1984; O'Donnell et al. 
1996) have reported biological activity of exogenous small oligogalacturonides in 
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Fig. 3.11 Gel-permeation chromatography of GalA (plus traces of 
larger uronides) and radiolabelled neutral sugars on Bio-Gel P-2 
(bed vol. 170 ml; flow rate 11 ml/h)  eluted in 1 M formic acid 
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Fig 3.12 Paper chromatogram of GalA and 
oligogalacturonides after elution from Bio-Gel P-2 column 
(740 ml; flow rate 50 ml/h) in I M formic acid. Late 
fractions (F) were pooled into two groups F66-72 and 
F74-80 and subjected to PC. Markers run: Ga1A4 and 5; 
mI= Ga1A3—GaIA6. 
Solvent: EAW (10:5:6) 
Stain: 	Silver nitrate 
Scale: 38% 
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tested due to a lack of time, although it would be useful to investigate the effect 
oligogalacturoindes, especially those DP 4-6 on ethylene production during tomato 
fruit ripening. 
3.2.3 Identification of two neutral disaccharides isolated from ripe 
tomato fruit 
Two unknown reducing sugars (compounds 1 and 2) from ripe tomato fruit extract 
that eluted from Bio-Gel P-2 with PyAW:chlorobutanol (1:1:23:0.125) or unbuffered 
0.5% chlorobutanol were detected on paper chromatograms stained with silver nitrate 
or aniline hydrogen-phthalate (Fig. 3.13a and 3.13b). To determine whether any 
neutral oligosaccharides were being masked by the presence of oligogalacturonides, 
carbohydrates that eluted from Bio-Gel P-2 with 1 M formic acid prior to the 
included volume were visualised on paper chromatography in EPyW (10:4:3) and 
indicated the presence of additional non-acidic compounds (Fig 3.13c). The 
compounds were also found in tomato pericarp tissue that had its cuticle removed 
prior to extraction suggesting that they were not derived from pathogen cell walls 
(results not shown). 
Compounds 1 and 2 were then purified for analysis by further fractionation 
on Bio-Gel P-2 in unbuffered 0.5% chiorobutanol followed by cation- and anion-
exchange chromatography in water and preparative paper chromatography in EPyW 
(10:4:3) amd EAW (10:5:6). Both compounds 1 and 2 tested positive with anthrone 
and so contained hexose moieties but these were not uronic acids as the m-
hydroxybiphenyl test produced negative results. The two compounds did not appear 
to be O-acetylated as there was no change in the RF after alkaline hydrolysis (Fig. 
3.14 and data not shown). Compounds I and 2 were acid-hydrolysed and the 
products developed by paper chromatography; this showed that the only stainable 
breakdown product was GIc in each case (Fig. 3.15). The M. of compounds 1 and 2 
was investigated by running each separately on Bio-Gel P-2 along with traces of 
radiolabelled carbohydrate markers. Compounds 1 and 2 each eluted in the same 
fractions as [ 14C]lactose, suggesting that they were disaccharides (Fig. 3.16a and 
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Fig. 3.13a Paper chromatogram of carbohydrates from ripe tomato 
fruit after elution from Bio-Gel P-2 (740 ml; flow rate 50 ml/h) in 
PyAW:chlorobutanol (1:1:23:0.125), pH 4.7. Markers mixtures 
were: ml GalA, GaIA2 (loaded twice); m2 nigerose, gentiobiose; 
m3 Ga1A—GaIA5. F = fraction no., C1=compound 1, 
C2=compound 2. 
Solvent: EAW (12:5:6) 














Fig. 3.13b Paper chromatogram of carbohydrates after 
elution from Bio-Gel P-2 (bed vol. 740 ml; flow rate 
50m1/h) in unbuffered 0.5% cholorobutanol and 
preparative paper chromatography of the disaccharide 
region of each fraction in EAW (10:5:6). Marker 
mixtures were ml Mal, Gic, XyI; m2 GalA, Ara; m' 
 Fru. 	F= fraction no., C1=compound 1, 
C2=compound 2. 
Solvent: EPyW (10:4:3) 
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MI 
Fig. 3.13c Paper chromatogram of neutral carbohydrates 
from tomato fruit eluted from Bio-Gel P-2 (740 ml; flow 
rate 50 mi/h) in 1 M formic acid. Fractions (F) were 
subjected to cation- and anion-exchange chromatography 
before paper chromatography. The marker mixture m1 
GalA, gentiobiose, laminaribiose (Lam2), Gic, Fru and 
Xyi. C  = compound 1; C2 = compound 2. 
Solvent: EPyW (10:4:3) 
Stain: 	Silver nitrare 
Scale: 34% 
108 
Fig. 3.14 Paper chromatogram of alkali hydrolysis 
products of compound 1. ml Ga1A—Ga1A4. 
Solvent: EPyW (10:4:3) 











Fig. 3.15 Paper chromatogram of acid hydrolysis 
products of partially purified compound 1. (A) 
compound 1, (B) hydrolysis product of compound 1, 
ml Rha, Gic; m2 Xyl, Gal A; m3 Ara. Gal. 
Solvent: EAW (10:5:6) 
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Fig. 3.16a and b Gel-permeation chromatography elution 
pattern of compounds I and 2 and radiolabelled markers 
(xyloglucan, XXFG, isomaltotetraose, lactose and glucose) 
from Bio-Gel P-2 column in unbuffered 0,5 % chiorobutanol 
(bed vol. 170 ml; flow rate ll mi/h). (a) Compound I, (b) 
compound 2. The fractions containing the unknown 
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Fig 3.17 Analytical paper chromatogram of partially purified 
compounds I and 2 with nine external Gic disaccharide 
markers (al—>2, etc.). Compounds 1 and 2 were partially 
purified from ripe tomato fruit extract by, sequentially, gel-
permeation chromatography in I M formic acid, cation- and 
anion-exchange chromatography in unbuffered 0.5% 
chlorobutanol, preparative paper chromatography in EPyW 
(10:4:3) and preparative paper chromatography in EAW 
(10:5:6). C  = compound 1; C2 = compound 2. 
Solvent: EPyW (10:4:3) 
Stain: Silver nitrate 
Scale: 36% 
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external markers of nigerose (ct-1--*3-Glc disaccharide) and maltose (ct-1---*4-
linked GIc disaccharide), whilst compound 2 corresponded with external markers of 
isomaltose (cc-1-46-linked GIc disaccharide) or gentiobiose (-1—)-6-1inked Gic 
disaccharide) (Fig. 3.17). On borate paper electrophoresis compound 1 ran with an 
external marker of nigerose and was resolved from maltose [mobilities relative to 
internal markers of trehalose and glucose (mo_r) were nigerose = 0.58; maltose = 
0.15; compound 1 = 0.57] and compound 2 ran with an external marker of 
gentiobiose and was resolved from isomaltose (mo-r gentiobiose = 0.64; isomaltose = 
0.57; compound 2 = 0.63) (Fig 3.18). Dionex HPLC using internal markers 
confirmed these identities and it was concluded that gentiobiose and nigerose had 
been isolated from the pericarp of ripe tomato fruit (Fig, 3.19 and 3.20). Most GIc 
disaccharides were run in this system and none was found to co-migrate with 
gentiobiose (Fig 3.21). 
To establish whether the gentiobiose and nigerose originated in the apoplast 
and therefore could be oligosaccharins, a sample of apoplastic fluid, extracted from 
ripe tomato pericarp, was assayed. Possible protoplasmic contamination was 
assessed by the presence of sugar phosphates, which were tested for by paper 
electrophoresis at pH 3.5 followed by staining with molybdate: no contamination 
was observed when extract (amount absorbed on to 50 pieces of paper) was tested 
with a dectection limit of 2 ag glucose 6-phosphate (results not shown). The 
development of partially purified .apoplastic extract by paper chromatography gave 
two spots that ran with external markers of gentiobiose and nigerose (Fig. 3.22). The 
sample was de-ionised and the presence of these disaccharides in the apoplastic 
extract was confirmed using Dionex HPLC with and without internal markers (3.23). 
3.2.4 Concentration of disaccharides in tomato fruit tissue 
The concentration of both gentiobiose and nigerose in MG and red-ripe tomato fruit 
was measured using Dionex HPLC in order to quantify the changes in concentration 









Fig 3.18 Paper electrophoresis of partially purified (see Fig. 3.17) 
compounds 1 and 2 with external Gic disaccharide markers. G = 
internal glucose marker; T = internal trehalose marker. 
Paper electrophoresis: Borate pH 9.4, 1.5 kV, 50 mm 
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Fig 3.19 Dionex HPLC of compound 1 partially purified from ripe tomato as outlined in Fig 3.17. (a) Compound 1; (b) 
compound 1 spiked with an internal nigerose marker. The disaccharides were separated using protocol 1. The red arrow 
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Fig 3.20 Dionex HPLC of compound 2 partially purified from ripe tomato as outlined in Fig 3.17. (a) Compound 2; (b) 
compound 2 spiked with an internal gentiobiose marker. The disaccharides were separated using protocol 1. The red 
arrow shows position of compound 2 (shaded pink) and compound 1 spiked with gentiobiose (shaded yellow). 
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Fig 3.21 HPLC of eight glucose disaccharide markers run on Dionex HPLC under protocol 1. Markers shown: 1 = trehalose, 2 
= isomaltose, 3 = kojibiose, 4 = cellobiose, 5 = gentiobise, 6 = nigerose, 7 = maltose, 8 = sophorose. A laminaribiose marker was 
not run as it is known to co-elute with sophorose. 
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C 	 Disaccharide a 	b 	c d Sample 
markers 
Fig. 3.22 Paper chromatogram of neutral sugars partially 
purified from apoplastic sample of ripe tomato fruit. The 
apoplastic sample was subjected to to gel-permeation 
chromatography on Bio-Gel P-2 in unbuffered 0.5% 
chiorobutanol, and preparative paper chromatography 
(EPyW 10:4:3). a—d: samples not relevant to present 
chapter. 
Solvent: EPyW (10:4:3) 
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Fig 3.23 Dionex HPLC of apoplastic disaccharides partially purified from ripe tomato as outlined in Fig 3.22 with 
additional purification by cation- and anion-exchange chromatography. (a) Apoplastic extract; (b) apoplastic extract spiked 
with internal gentiobiose and nigerose markers. The disaccharides were fractionated using protocol 1. The red arrows show 
position of compounds 1 and 2 (shaded pink) and compound 1 and 2 spiked with internal markers of nigerose and 
gentiobisoe (shaded yellow). 
Table 3.2 Concentration of gentiobiose and nigerose in tomato fruit locular and 
pericarp tissue at different stages of ripening (concentrations given on the basis of I 
gfwt 1 = 1 ml). 
Gentiobiose Nigerose 
Green 	0.95 	0.22 
pericarp 
Green 	0.88 	0.06 
locule 
Ripe 	1.1 	 0.75 
pericarp 
Ripe 	5.8 	0.65 
locule  
In both ]ocular and pericarp tissue there was a higher concentration of gentiobiose 
and nigerose in ripe fruit than in unripe fruit. The largest increases in concentration 
from unripe to ripe fruit took place in the locular material. There seemed to be little 
increase in the concentration of gentiobiose in pericarp tissue during ripening, but a 
more pronounced increase in nigerose during ripening. 
3.2.5 Possible occurrence of disaccharides as conjugates of a 
phenolic compound 
Gentiobiose and nigerose are present in the apoplast of tomato fruit; however, the 
origin of these disaccharides was unknown. Gentiobiose can form glycosyl esters 
with phenolic acids such as o-cinnamic acid in cape gooseberry in vivo (Latza et al. 
1996). Phenolic compounds were isolated from the late-eluting fractions off Bio-Gel 
P-2 (Kay  1,14-1.64) (Fry 1988), re-dissolved in 0.1 M sodium hydroxide, incubated 
for 1 h at room temperature to break ester bonds and then neutralised with acetic 
acid. A control sample was treated with equal amounts of sodium hydroxide and 
acetic acid 
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but in reverse order so that no saponification occurred. To test whether phenolic 
compounds in ripe tomato fruit extract included gentiobiosyl esters the solution was 
then run down a C18 column (bed volume 20 ml); non-aromatic material eluting in 
water was run on a paper chromatogram (Fig. 3.24). In the alkali-treated sample there 
was an increase in some carbohydrate compounds including material that co-
migrated with an eternal marker of Gic, and a decrease in faster-moving 
carbohydrates: this evidence does support both the presence of glucosyl phenolic 
esters and the validity of the experimental procedure. However, there was no 
evidence of gentiobiose having been released from a phenolic ester upon 
saponification. 
3.2.6 Turnover of gentiobiose 
To maintain equilibrium in vivo it is important that the presence and activity of 
signalling molecules be controlled. It has been reported that in spinach cell-
suspension cultures the nonasaccharide XXFG can become incorporated into extra 
cellular polysaccharides via transglycosylation (Baydoun and Fry 1989). Signalling 
molecules may also be broken down by the action of hydrolytic enzymes (Garcja-
Romera and Fry 1995). These mechanisms would help to control the action of 
oligosaccharins in the apoplast. 
[' 4C]Gentiobiose was made by incubating laminariheptaose with [ 14C]Glc in 
the presence of 3-glucosidase. A time-course with non-radioactive substrates showed 
that Gic residues were removed from the laminarihepatose, forming oligorners with 
DP <7 and that some GIc moieties were added to the laminanheptaose to form 
oligomers with DP > 7 (Fig. 3.25). However, when the experiment was carried out 
using [ 14C]Glc with and without enzyme, the autoradiographs produced for each 
reaction mixture appeared to be identical (Fig. 3.26; only one autoradiograph 
shown). The reaction mixtures with and without enzyme were separately subjected to 
preparative paper chromatography in EAW (10:5:6), eluted and further purified by 
preparative paper chromatography in EPyW (10:4:3) and preparative paper 






Alkali Control Gentio Niger Gic 
Fig. 3.24 Paper chromatogram to show the effect of alkali 
on carbohydrates of K. > 1 from ripe tomato fruit. 
These carbohydrates were eluted from Bio-Gel P-2 in 
unbuffered 0.5% chlorobutanol. Materials of Kay 1.14 
1.64 were incubated with sodium hydroxide (0.1 M) or 
acetic acid (control) at room temp for 1 h. The alkaline 
sample was then acidified with acetic acid and the control 
treated with sodium hydroxide. Both samples were then 
freed of phenolic compounds on a C 1 8 column. Markers 
run were: Gentio (gentiobiose) and Niger (nigerose) and 
Gic. 
Solvent: EPyW (10:4:3) 







Fig. 3.25 Silica-gel TLC of products formed during the 
incubation of laminariheptaose (Lam7; 1% solution 
wlv) with j3-glucosidase (0.1 U; 4 j.tg), at pH 5.2; 25°C. 
Sampled at increasing incubation time periods. Each 
loading contained the equivalent of 20 .tg of starting 
material. LF= large fragments, SF= small fragments. 
Solvent: BAW(3:1:1) 
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Fig. 3.26 Autoradiogram of TLC of radioactive products formed 
over time (mm) following the incubation of laminariheptaose (0.5 
Mg), 
[ 14C]Glc (32 j.tg; 300 Ci/mol) and 3-glucosidase (4 big; 0.1 U) 
at 25°C; total reaction volume 50 pl. X-ray film was exposed for 2.5 
weeks. Each loading contained the equivalent of 20 jig of 
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Fig 3.27 Paper chromatogram of the ' 4C-labelled products 
formed during the incubation of [ 14C]Glc with laminariheptaose 
and f3-glucosidase and partially purified by preparative paper 
chromatography in EAW 10:5:6 and EPyW 10:4:3, followed by 
paper electrophoresis in borate at pH 9.4 . An external marker of 
gentiobiose was stained to allow purification of the putative 
[ 14C]gentiobiose. 
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Fig. 328 Paper chromatogram of acid hydrolysis products of 
gentiobiose-like products formed after the incubation of 
laminariheptaose and [ 14C]Glc with and without 3-g1ucosidase for 
24 h Incubation conditions were as in Fig. 3.27 and portions were 
subjected to acid hydrolysis in 2 M TFA at 120°C for I h. 
= authentic [' 4C]glucose run as a marker on the same 
chromatogram. 	= position of external gentiobiose marker. 
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Fig. 3.29 Paper chromatogram of the [ 14C] products formed during the 
incubation of [ 14C]Glc with laminanheptaose and 3-glucosidase and 
purifed using paper chromatography. An internal marker of 
gentiobiose was stained after scintillation counting (coloured bars 
which are subjective estimates of staining intensity). Solvent: EPyW 
(10:4:3); Stain: Silver nitrate. 
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co- migrated with a non-radioactive, external gentiobiose marker was purified and a 
portion subjected to analytical paper chromatography (Fig 3.27; shown only for 
sample containing enzyme). However, upon acid hydrolysis only the compound 
that was produced in the presence of 3-glucosidase yielded [ 14C]G1c, suggesting 
that it was gentiobiose (Fig. 3.28). 	The identity of this compound as 
[ 14C]gentiobiose was confirmed by further paper chromatography (Fig. 3.29) and 
paper electrophoresis (data not shown), both with internal markers. 
To establish the fate of gentiobiose in vivo [ 14C]gentiobiose was vacuum-
infiltrated in to Tiny Tim tomato fruit and incubated for various periods of time at 
room temperature; the pericarp and locular tissue were then excised, frozen at 
—80°C and thawed into 15% formic acid with stirring for 4 h at 4°C. The tissue was 
removed by filtration through muslin and then centrifugation at 2500 g for 10 mm 
and the supernatant was run on Bio-Gel P-2 (Fig. 3.30-33). The breakdown of 
gentiobiose and the production of Gic were decectable after 24 h incubation, but not 
1 h incubation. In both unripe and ripe fruit, breakdown was more extensive in the 
locule than in the pericarp. There was also some loss of total radioactivity per g 
tissue between I h and 24 h (25% and 31% loss for unripe pericarp and unripe 
locular tissue, respectively, and 11% and 30% loss for ripe pericarp and locule 
respectively), suggesting that 14C from [ 14C]gentiobiose or the resulting [' 4C]Glc 
had either been incorporated into cell wall or other insoluble polymers, translocated 
to other tissues such as seeds or epidermis or been lost as ' 4CO2 by respiration. 
3.2.7 Bioassays of neutral disaccharides 
To ascertain whether the two disaccharides identified in ripe tomato extract had 
biological activity that was able to affect the ripening process,, gentiobiose, nigerose 
and control sugars were infiltrated into unripe tomato fruit. Commercial 
gentiobiose, isomaltose and glucose were purified using preparative paper 
chromatography (EPyW 10:4:3) and borate electrophoresis (pH 9.4). Sodium 
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Fig 3.30 Gel-permeation chromatography of products from the vacuum infiltration of 
[ 14C]gentiobiose into a whole unripe tomato fruit. Pericarp tissue was extracted in 
15% formic acid at 4°C after incubation for (a) 1 h and (b) 24 h followed by 
fractionation on Bio-Gel P-2 in unbuffered 0.5% chiorobutanol with an internal 
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Fig 3.32 As Fig 3.30, but pericarp tissue from ripe fruit 
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Fig 3.33 As Fig 3.30, but locular tissue from ripe 
fruit. 
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in unbuffered 0.5% chlorobutanol; the samples were filtered through a 0.45-.tm 
filter, freeze dried and re-dissolved in water. In experiments, where the identity of 
the compound infiltrated into each fruit remained unknown to the assayist until after 
the experiment was completed, the gentiobiose, isomaltose or glucose were vacuum 
infiltrated into mature green tomato fruit (Alisa Craig fruit infiltrated with 200 .ig 
carbohydrate/200 tl water; Tiny Tim fruit infiltrated with 50 .tg carbohyrate/50 j.tl 
water). The fruit were incubated in loosely covered, clear glass jars at 25°C with 
constant light (-65 iE m 2 s'); the time until initiation of ripening was monitored 
by observing colour of the external fruit tissue daily. The results from seven 
bioassays carried out at separate times using either Gic or isomaltose as controls are 
presented (Table 3.3). In all seven bioassays gentiobiose accelerated the initiation 
of ripening of fruit as judged by the initiation of red pigment. In four cases the 
effect was significant (to at least p < 0.05). In all three bioassays in which the co-
infiltration of gentiobiose and nigerose was tested, the mixture caused a greater 
acceleration in the initiation of ripening than did gentiobiose alone; this effect was 
significant in two cases. The infiltration of nigerose alone in two bioassays did not 
have any significant effect on the ripening process. 
3.2.8 Conclusion on neutral disacchrides 
I have isolated two disaccharides, gentiobiose and nigerose, from ripe tomato fruit 
pericarp and locule; these compounds were present at lower concentrations in 
unripe fruit. The origin of the compounds remains unknown but gentiobiose was 
not detectable as a disaccharide—phenolic acid glycosyl ester and it therefore seems 
unlikely that the free gentiobiose and probably free nigerose was derived from such 
an ester. After [ 14C]gentiobiose was vacuum infiltrated into unripe or ripe fruit it 
remained intact for at least 1 h but was largely broken down within 24 h. There was 
a trend for gentiobiose to accelerate the initiation of ripening in tomato fruit, 
especially when nigerose was also added, whereas nigerose alone had no effect. 
The results suggest that these molecules have oligosaccharin activity. 
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Table 3.3 Results from seven separate bioassays in which the time until initiation of ripening 
was monitored after the vacuum infiltration of various sugars into unripe tomato fruit 
Cultivar n = 
Mean time (data show mean ± SE) until initiation 
of ripening (d) after infiltration of 
(each group) 	Glucose 	Isomaltose 	Gentiobiose 	Gentiobiose 	Nigerose 
and nigerose 
Tiny Tim 19 4.42 ± 0.45 - 	 2.95 ± 0.22 - 	 4.79 ± 0.46 
(50 .ig total (0.001) 
carbohydrate 16 - 13.06±0.94 	11.00 ±0.85 10.25 ±0.68 
to each fruit) (0.05) (0.01) 
Alisa Craig 20 - 10.35±0.55 	9.70±0.57 - 
(200igtotal 15-14 18.06±1.82 - 	 15.50±1.62 - 	 18.50±1.84 
carbohydrate 15 11.73 ± 0.92 - 	 9.80 ± 0.65 
to each fruit) (0.05) 
14 - 13.50 ± 1.50 	10.32 ± 1.40 9.42 ± 1.40 
(0.07) (0.03) 
15 - 12,73±1.15 	11.80±1.00 11.07±1.18 
P values when :!~ 0.07 shown in brackets: gentiobiose and/or nigerose compared to controls 01 either UIC or isomaitose 
4 Non-enzymic polysaccharide scission during 
tomato fruit ripening 
During tomato fruit ripening the solubilisation and depolymerisation of PCW and 
middle lamella polysaccharides leads to fruit softening. Changes to the pectin 
component of the cell wall caused by the enzymes PME and PG were thought to be 
largely responsible for the textural changes. However, the results of recent research 
question the importance of PG in fruit softening and so the roles of non-enzymic 
mechanisms in polysaccharide breakdown have been considered more carefully. It 
has been shown in vitro that when polysaccharides are incubated with ascorbate there 
is a reduction in their Mr; this scission is thought to be due to the action of 'OH 
produced in the presence of 02 and traces of Cu 2+  (Fry 1998). Since polysaccharide 
breakdown is an important part of fruit ripening and ascorbate is present in fruits, 
scission of polysaccharides by 'OH may be brought about by ascorbate acting as a 
pro-oxidant. This study attempted to investigate the present of 'OH in the apoplast 
of tomato fruit during ripening using specially developed radiolabelled probes. 
4.1 Potential role of ascorbate as a pro-oxidant during 
tomato fruit ripening 
4.1.1 Tomato fruit ascorbate content 
The total and apoplastic ascorbate concentration of tomato fruit at different ripening 
stages were measured using an ascorbate oxidase assay (Fig. 4.1a). Apoplastic 
ascorbate was extracted from tomato tissue by shaking in buffer; to determine which 
buffer was used so that tomato tissue was not adversely affected, tissue was 
incubated in various solutions along with [ 14C]Leu, which was taken up and 
incorporated into protein. The healthier the tissue the more radioactivity that was 
















MG Orange Red-ripe 	MU orange Kea-ripe 
Apoplastic 	 Total cell 
Fig. 4.1a. Apoplastic and total ascorbate concentration from tomato 
fruit at different ripening stages. Total ascorbate was extracted from 
fruit material in 5% metaphosphorie acid. Apoplastic ascorbate was 
extracted in 10 mM tartrate buffer for I h with shaking, the extracted 
material then was added to metaphosphoric acid (final concentration 
5%); both samples were then buffered with sodium citrate (0.25 M; 
pH5.6). The concentration of ascorbate was calculated by measuring 
the absorbance of the solution at 260 nm (I ml) before and after the 






























I 	1 Pericarp 
Locular material 
Placental material 
0 	Individual values 
MG Orange Red-ripe 
Apoplastic  
MG Orange Red-ripe 
Total cell 
Fig. 4. lb Four replicate measurements of total and apoplastic ascorbate 
from tomato fruit. Measured as Fig 4.1. (n = 4; except apoplast red-ripe 
placental material, total cell orange pericarp and total cell placental 
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Fig. 4.2 Incorporation of [ 14C]Leu in to ripe tomato tissue incubated in various 
solutions. Tomato tissue pericarp (0.5 g) was incubated with buffered or 
unbuffered media (1.5 ml) containing 0.185 kBq [ 14C]Leu for I h at room 
temperature with gentle shaking. Tissue was then incubated in 10% 
trichioroacetic acid (TCA) at 4°C for 18 h, washed in three 5-ml volumes of ice-
cold 10% TCA and filtered with aspiration on glass fibre discs (Whatman 
GF/A). Acid-insoluble radioactivity was then assayed. Bars show standard 
error; n = 3. 
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was a suitable buffer to incubate tomato fruit in. The concentration of apoplastic and 
total ascorbate increased during ripening in all tissues with the locule having the 
highest concentration of apoplastic of ascorbate. The measurements for MG locular 
apoplastic ascorbate were highly variable with some being close to zero whilst other 
were over 200 times higher; this variability was not noted in any other tissue or at 
any other ripening stage (Fig. 4.1b). It is not known if this variability reflects a 
sudden increase in the ]ocular apoplastic ascorbate concentration at a specific point 
in the ripening process: for example this increase could be linked to the climacteric 
increase in ethylene. 
4.1.2 Tomato fruit transition metal content 
The concentration of Cu and other trace transition metals in unripe and ripe tomato 
fruit was measured by atomic absorption spectroscopy (thanks to Dr J. Farmer, The 
University of Edinburgh; Fig. 4.3). The concentration of Cu increased in all tissues 
from unripe to ripe fruit; no other transition metal tested followed this pattern 
4.1.3 Effect of ascorbate on tomato fruit primary cell walls 
To investigate the effect of ascorbate on tomato fruit PCW, AIRs of MG tomato fruit 
were incubated with 1 mM ascorbate, 1 mM hydrogen peroxide and 1.5 .tM Cu 2 at 
pH 4.4 (Fig. 4.4a and b). Those samples incubated with ascorbate released into 
solution more uronate than controls to which no ascorbate or no AIR was added. It 
was consistently observed that most uronate was solubilised by solutions containing 
ascorbate and hydrogen peroxide but no exogenous Cu 2+  (this result was noted in all 
repeats of this experiment, which was carried out five times although it was not 
always significant). The slightly decreased solubilisation when extra Cu 2+  may have 
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Fig. 4.3 Trace metal analysis of dehydrated tomato fruit material by 
atomic absorption spectroscopy. Samples were freeze-dried, ashed 
and incubated with 8 M nitric acid under pressure. Samples were 





























+A+H+C +A+H -4-A+C 	+A 	+H+C 	+H 	+C 
Tube contents 
Fig 4.4a and b The effect of ascorbate on the solubilisation of uronate from 
MG tomato fruit cell walls. The washed AIR was incubated with various 
combinations of 1 mM ascorbate (A), 1 mM hydrogen peroxide (H) and 1.5 
iM Cu2 (C) at pH 4.7 for 18 h at room temperature; the PCWs were 
removed and concentration of solubilised uronate was measured using the in-
hyd.roxybiphenyl assay. Controls were also carried out to which no AIR was 





of pectic polysaccharides; the presence of additional Cu 2+  in solution may have 
facilitated the non-localised production of 0H and because of the molecule's 
extremely short half-life it would be reduced before it could cause wall 
polysaccharide scission. The suggestion that Cu 2+  localises OH production would 
also explain how a molecule with such a short half-life is able to perform a specific 
reaction in a biological system. 
4.1.4 Effect pH, time, scavengers and ascorbate concentration on 
uronate solubilisation 
The effect of pH and ascorbate concentration on the solubilisation of material 
containing uronate residues from MG tomato fruit AIR was tested (Fig. 4.5). There 
was an increase in the concentration of uronate released into solution as the 
concentration of ascorbate increased and as the pH of the solution decreased. Further 
investigation into the solubilisation of uronate at pH 3.7 with 1 mM ascorbate 
showed that there was as steady, gradual loss of ascorbate and release of uronate over 
a 9-h period (Fig. 4.6). There was a lag in the release of uronate in the first hour of 
the time course, which may have been due to the need for at least two scission events 
to occur to allow the release of uronate into solution. 
The addition of DMSO, an effective scavenger of the 0H radical (rate constant = 3.5 
X lO M's; Halliwell and Gutteridge 1999), led to a reduction in the concentration 
of uronate solubilised by ascorhate (Fig. 4.7). However, increasing the concentration 
of DMSO in solution did not completely stop ascorbate-dependent uronate 
solubilisation. The continued effect of the 0H radical may be explained by the 
potential localising effect of Cu 2 . If the production of 0H is very specifically co-
ordinated then it may be somewhat protected from scavengers in solution. This may 
explain how the reaction could still take place in an in vivo system that would contain 
many potential antioxidants. 
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pH 3.7 	pH 4.7 	pH 5.7 	pH 7.0 
Fig 4.5 The effect of ascorbate concentration and pH on the 
solubilisation of uronate from MG tomato fruit cell walls. Washed 
AIR was incubated with various concentrations of ascorbate at 
different pH values for 18 h at room temperature. Samples were then 
assayed as in Fig. 4.4. Controls were also carried out to which no AIR 
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Time (h) 
Fig. 4.6 The release of uronate (VA) and consumption of ascorbate (AH 2 ) over time 
from washed tomato fruit AIR incubated with 1 mM ascorbate, pH 3.7, at room 
temperature. Results are also shown for controls to which either no ascorbate or no 
AIR was added. Ascorbate concentration of the solutions (1 ml) was measured at 
intervals using DCPIP (0.1%) added in a drop-wise fashion (10 .tl) until the solution 
had a definite pink colour that remained for at least 5 s. The concentration of uronate 



















- 0% DMSO 
- 1% DMSO 
- 2% DMSO 
- 4% DMSO 
0.010 
+AIR 	 +AIR 	 -AIR 
+AH2 -AH +AH 2 	 2 
CONTROLS 
Fig 4.7 The effect of DMSO on the ascorbate-mediated solubilisation 
of uronate from MG tomato fruit cell walls. Washed AIR was 
incubated with 1.5 mM ascorbate (AH 2) and DMSO at pH 4.7 for 18 h 
at room temperature. Samples were then assayed as for Fig. 4.4. I = 
standard error; n = 3. 
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4.1.5 Molecule weight of ascorbate-solubilised polymeric material 
The Mr of the polymeric material released from MG tomato fruit PCWs by ascorbate 
was investigated by gel-permeation chromatography on Sepharose CL-6B (Fig. 4.8). 
The uronic acid-containing carbohydrates had a dispersed peak, eluting in the void 
fraction and in all fractions until just prior to the included volume (K 	0.9) This 
meant that the solubilised pectic products had a Mr in the range of >1000 000 - 
4000 (from calibration graph using neutral carbohydrates markers, see Steele et al. 
2001). 
4.1.6 Monosaccharide composition of ascorbate-solubilised 
carbohydrate 
The monosaccharide composition of the solubilised polymeric material was 
investigated by acid hydrolysis followed by paper chromatography and HPLC. The 
paper chromatogram of the products of showed galacturomc acid with traces of slow 
migrating material (possibly oligogalacturonides), arabinose and galactose (Fig. 4.9). 
HPLC (Fig. 4.10) also showed galacturonic acid (23 mol%), arabinose (16 mol%) 
and galactose (54 mol%) as well as rhamnose (2.9 mol%) and glucose (4 mol%) and 
trace amounts of xylose and mannose. The relative proportions indicate that much of 
the carbohydrate solubilised from tomato fruit AIR by ascorbate is pectin and 
contains many neutral sugar residues, although the relative proportions do not 
suggest a specific pectin type. 
4.1.7 Methyl ester content of ascorbate-solubilised pectin 
The degree of esterification of the ascorbate-solubilised pectin was investigated 






































Fig. 4.8 The Mr of pectin solubilised from MG tomato fruit AIR by 1 mM 
ascorbate, pH 4.7, for 18 h at room temperature. The sample was diluted 
with 1 M sodium chloride containing 10 mM EDTA and eluted from 
Sepharose CL-613 (bed volume 95 ml; flow rate 6 mI/h; fraction size 
1.2 ml) in 1 M sodium chloride containing 10 mM EDTA. The column 






a 	b GalA Gal Ara XyI 	Gic 	IP 
Fig. 4.9 Paper chromatogram of acid hydrolysis products of 
polymers solubilised from MG tomato fruit AIR by ascorbate. 
Polymers were solubilised in 1 mM ascorbate for 18 h at room 
temperature and run on Bio-Gel P-2 (0.5% chiorobutanol). 
Material from the void was then treated with 2 M TFA (120°C; 
1 h). a = hydrolysis product (100 jig), b = hydrolysis product 
(50 .tg). IP = isoprimeverose containing traces of Gic, Gal and 
Ara) 
Solvent: BAW (12:3:5) followed by EPyW (8:2:1) 
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Fig 4.10 HPLC of monosaccharide products from acid hydrolysis of AIR ascorbate-solubilised pectin from MG tomato 
fruit. Samples were prepared as Fig. 4.9; a 20 p1 aliquot was fractionated on Dionex I-IPLC (protocol 2). 
Monosaccharides, isoprimeverose and xylobiose were run as calibration standards. Monosaccharide products: 1 = Rha, 
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Fig. 4.11 High-voltage flat-bed electrophoresis of non-treated and alkali-
treated ascorabte-solubilised pectin from MG tomato fruit AIR. A control 
treated with acetic acid followed by sodium hydroxide was also run as well as 
a control from ascorbate-untreated AIR. Samples were loaded as 10 jig and 
40 jig in running buffer (only 40 jig loading for spot a). Electrophoresis was 
carried out at pH 6.5; 1 kV for 70 mm. a = ascorbate-untreated AIR control, b 
= acetic acid-treated control (10 jig), c = acetic acid-treated control (40 jig), d = 
alkali-treated sample (10 jig), e = alkali-treated sample (40 jig), f = untreated 
sample (10 jig), g = untreated sample (40 jig), h = de-esterified pectin (40 jig), 
i = citrus pectin (40 jig), j = homogalacturonan and 98% esterified pectin (40 
jig each). I = position of picric acid marker. * = position of 
homogalacturonan. Stain: suiphonated a-naphthol reagent; Scale = 38%. 
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untreated sample solubilised from MG tomato fruit AIR ran between de-esterified 
and methyl-esterfied pectin markers suggesting it was partially methyl esterified. 
Alkali hydrolysis of the pectin sample changed its migration pattern: some 
carbohydrate ran faster owing to the removal of methyl ester groups and an increased 
charge. However, some of the carbohydrate in the sample remained near the origin; 
this may be largely neutral sugar residues although neither this nor the reason for the 
positioning of this carbohydrate have been confirmed. 
4.1.8 Effect of ascorbate on de-esterified and methyl esterified pectin 
in solution 
Since de-esterified pectin is charged it may be more able to bind cations and 
therefore could be more prone to 0H-mediated scission. To test this hypothesis 
methyl-esterified and de-esterified pectin were incubated with ascorbate and then 
analysed for size (Fig 12a and 12b). The de-esterifed pectin treated with ascorbate 
showed a reduction in the Mr (a shift in median Kay from 0.39 to -.0.43). This shift 
was less pronounced in the methyl-esterified pectin treated under the same conditions 
(median K 0.40 for both samples); this would suggest that the increased charge of 
de-esterifed pectin promotes depolymerisation in the presence of ascorbate. 
4.2 The effect of organic acids on tomato fruit primary cell 
walls 
It has been postulated that organic acids in the fruit apoplast may lead to 
polysaccharide solubilisation if they remove the calcium bridges that are responsible 
for the ionic bonding of antiparallel pectin chains. The concentrations of organic 
acids such as citrate and malate increase during ripening in tomato fruit (Dalal et al. 
1966) and they may have a role in the softening process. The effects of organic 
acids on tomato fruit AIR at (a) equal concentrations and (b) equal ionic strengths are 
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Fig. 4. 12a Effect of ascorbate (AR2) on de-esterified pectin. 98% 
methyl esterified pectin (0.2%) was de-esterified in 0.1 M sodium 
hydroxide for I h on ice and was then acidified with acetic acid to 
pH 4.7. The sample (2 ml) was incubated with 1.5 mM ascorbate 
for 18 h at room temperature; it was then made up to 5 ml with 
1 M sodium chloride containing 10 mM EDTA. An aliquot was 
then eluted from Sepharose CL-6B as for Fig 4.9. (De-est = de-
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Fig. 4. 12b Effect of ascorbate (AH2) on methyl-esterified pectin. 
98% methyl esterified pectin (0.2%) was incubated in 0.1 M acetic 
acid on ice for I h; sodium hydroxide was then added to pH to 4.7. 
The sample was then treated as for Fig 4.12a. (ME = methyl 


























MG 	 ORANGE 	RED-RIPE 
Fig. 4.13a Effect of organic acids (compared at constant molarity) on the 
solubilisation of uronate-containing material from tomato fruit AIR. 
Various organic acids (each 50 mM) were incubated with AIR from 
tomato fruit, pH 4.7, for 18 h at room temperature. The concentration of 
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MG 	ORANGE 	RED-RIPE 
Fig. 4.13b Effect of organic acids (compared at constant ionic strength) on 
the solubilisation of uronate-containing material from tomato fruit AIR. 
Various organic acids were incubated with tomato fruit AIR and treated as 
for Fig. 4.13a. except all were added at an ionic strength of 50 mM. 
155 
AIR from later ripening stages; this was most noticeable once samples were 
incubated in solutions of equal ionic strengths. At all ripening stages citrate and 
oxalate, two apoplastic organic acids effective at calcium chelation, solubilised more 
uronate than formate (a control) or malate. Attempts were made to measure organic 
acid concentration in the apoplast of tomato fruit during ripening using HPLC but 
this did not come to fruition due to difficulties encountered with the tartrate buffer 
used in the extraction. 
4.3 Conclusion 
The role of non-enzymic methods of polysaccharide scission and solubilisation 
during fruit softening has received renewed interest in recent years. The process of 
cell wall disassembly is now recognised as involving several biochemical changes to 
the wall, some perhaps taking place on a local scale and some being more 
widespread. Ascorbate, citrate and oxalate promote the solubilisation of pectin from 
the cell walls of tomato fruit in vitro. The solubilisation of pectin by ascorbate, 
which is enhanced by the presence of hydrogen peroxide or copper, supports a role 
for the action of 'OH in polysaccharide scission during fruit ripening. The occurrence 
of these non-enzymic processes contributing to a plethora of processes involved in 
fruit softening, even on a small scale, in vivo is compatible with this hypothesis. 
Although 0H radicals are known to be very unstable it is suggested that their action 
is focused by the presence of Cu 2 in the cell wall that would allow the production of 
Fenton reaction-produced 'OH close to pectin and perhaps wall glycoproteins. 
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5. Detection of hydroxyl radicals during tomato fruit 
ripening 
Oxidative stress occurs in all aerobic cells and, even with several anti-oxidant 
systems in place, active oxygen species will form with detrimental results. In plant 
cells the production of active oxygen species is induced as a defence mechanism 
which protects the plant from pathogens, so active oxygen species can also have a 
beneficial role in vivo. Oxidative stress occurs during ripening and may decrease the 
integrity of plasma membranes (Legge et al. 1996). It has also been shown that 0H 
formed via a Fenton reaction utilising ascorbate is able to cause polysaccharide 
scission in vitro (Fry 1998). In chapter 4, results were presented showing that 
ascorbate-mediated 0H radical production solubilises uronic acid-containing 
oligorners from tomato fruit AIR. However, because of their extreme reactivity and 
very short half-life, the measurement of hydroxyl radicals in vivo is very difficult: 
techniques commonly used to detect active oxygen species do not lend themselves 
well to measuring in specific cell compartments such as the apoplast. Electron-spin 
resonance and spin trapping techniques both require preparation of the samples in a 
manner that leads to the disruption of tissue and therefore the mixing of intra- and 
extra-protoplasmic material. Spin-trapping techniques are also limited by the toxicity 
chemicals used for trapping and the expense of the equipment used (Biondi et al. 
2001). Aromatic hydroxylation has also been used to detect free 0H radicals by 
identifying the products of their reaction on aromatic compounds. Salicylate and 
phenylalanine have been used as molecular probes, but these compounds are not 
limited to the apoplast and can freely move into the protoplast. This chapter 
describes the use of a series of novel probes in order to test for the presence of 0H 
in the apoplast of tomato fruit as ripening occurs. 
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5.1 Probes introduced via the transpiration stream 
5.1.1 I3HIBzG3 
[3H]BzG3 (Amersham chemicals, UK) was used to probe for 0H production in 
tomato fruit apoplast, based on an idea developed by S Fry. The probe contains a 
benzoyl group attached to a tripeptide of Gly via an amide bond (Table 5.1); the 
tripeptide is negatively charged (pKa of carboxyl group = 2.35) and, therefore, 
hydrophilic in the tomato fruit apoplast and likely to remain extra-protoplasmic. 
Table 5.1 Structure of molecular probes developed to investigate the presence 
of 'OH in the apoplast of whole tomato fruit 
Probe Structure 
[3H]BzG3 
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The size of the probe molecule will also decrease its likelihood of passing through 
the plasma membrane. The benzoyl group is 3H-labelled at all positions except C-i 
and C-7; when 0H reacts with this molecule hydroxylation occurs and the 3H atoms 
may be removed from the compound to form 3  H20 as a final product. This type of 
reaction does not occur with any other active oxygen species such as 02  (Fry and 
Miller unpublished results, Ghiselli 1998). The neutral 3H20 could then be separated 
from the BzG3 and other unidentified products using anion-exchange 
chromatography and C 1 8 reverse-phase chromatography. 
The [3H]BzG3 was introduced into whole fruit Tiny-Tim via the transpiration 
stream through the cut end of tomato fruit stem. The use of small fruit allowed assay 
of 3H20 from the whole fruit tissue. After four days' incubation at room temperature 
(Fig. 5.1) I-I20 was detected in all tissue in both unripe and ripe fruit tissue, with 
higher amounts in ripe tissue. In both MG and ripe fruit the ]ocular material had the 
highest amount of 3H20. One MG fruit produced more 3H20 than the other; it was 
postulated that this difference may have been due to the varying concentrations of 
ascorbate in MG fruit (Fig. 4. la). The amounts of 3H20 produced in this experiment 
were thought to be very high and this could have been due to the long incubation 
time. The incubation time was decreased to 2 days and MG and ripe fruit were re-
tested with [314]BzG3 (Fig. 5.2). The amount of 3H20 present dropped with the 
reduced incubation time and locular material contained the highest amount of 3  H2 
at both ripening stages. There was also some variability in the amounts of 3  H2 
produced between two different unripe fruit as for the four-day incubation. The 
experiment was repeated with more unripe fruit samples and in two of the three 
replicates the liquefied locular material produced more 3H20 than the pericarp but no 
dramatic differences in 3I-I20 amount between the three locular material samples 
were observed. 
[3 H]BzG3 was introduced into MG tomato fruits via the transpiration stream 
along with oligogalacturonides (DP 3-5) since it has been reported that 
oligogalacturonides (of an undefined DP) are able to induce hydrogen peroxide in 
suspension-cultures of soybean cells. Active oxygen species produced in response to 
oligogalacturonides as part of a plant defence response may also play a role in the 















Control 	MG 	MG 	Red-ripe 
(tartrate buffer) 
Fig. 5.1 3H20 production in tomato fruit at different ripening stages. 
[3H]BzG3 (1 jtCi) was supplied to whole fruit via the transpiration 
stream and incubated for 4 days. The dissected tissue from each fruit 
was shaken in extraction buffer (2 ml) and the extract subjected to 
anion-exchange chromatography. The eluate was half-saturated with 
ammonium sulphate and subjected to reverse-phase chromatography 
on a C 1 8 column, Sodium dihydrogen orthophosphate dihydrate 
(100 mg) was added before scintillation counting with Optiphase at a 
ratio of 1:5. (Red-ripe placental material was not analysed). In the 
control the [3 H]BzG3 was not exposed to fruit tissue but incubated in 


















Control 	 MG 	 MG 	Red-ripe 
Fig. 5.2 3 H2O production by tomato fruit at different ripening stages. 
[ 3H]BzG3 (1 tCi) was supplied to fruit via the transpiration stream and 


















Control 	Rep I 	Rep 2 	Rep 3 
Fig. 5.3 3 H20 production by unripe tomato fruit. [3 1-1]BzG 3 (1 iCi) was 
supplied to mature green fruit via the transpiration stream and 
















Control 	P 	LM 	PM 
Fig. 5.4 3 H2O production by tomato fruit at MG3 ripening stage. 
[3HBzG3 0  1.tCi) and 1 mg each of oligogalacturonides (DP 3-5) were 
supplied to fruit via the transpiration stream and incubated for 2 days. 
Fruit extracts were then treated as in Fig 5.1. P = pericarp, LM = 
locular material, PM = placental material. 
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oligogalacturonides (DP 2-6) in ripe tomato fruit was presented. It was postulated 
that if oligogalacturonides are able to increase the concentration of hydrogen 
peroxide in fruit, then this could lead to an increase in the production of active 
oxygen species including hydroxyl radicals (Fig. 5.4). The placental material was 
the only tissue that showed a noticeable increase in the amount of 3H20 formed in the 
presence of oligogalacturonides. 
5.1.2 I3HIBzK5Me 
[3 H]BzK5Me was another probe developed to detect hydroxyl radicals in tomato fruit 
during ripening (probe from S. Fry). The molecule again contained a [ 3H]benzoyl 
group but this was attached to a penta-peptide chain of Lys (Table 5.1); the 
[3H]BzK5Me could have been benzoylated at any of the six different amino groups 
(5 F. and I (x) and so was probably a mixture of six different compounds. The penta-
Lys group gave the molecule a positive charge: it was hoped that this charge would 
localise the molecule onto pectic molecules in the cell wall and therefore bring it into 
close proximity to potential 0H activity. Removal of 3HBzK5Me into excised 
pericarp tissue occurred most in the in the first 1 h of incubation, leading to a 
decrease in radioactivity in the incubation solution. There was surprisingly little 
removal of [ 3H]BzK5Me after I h whereas the removal of [ 3 H]BzG 3 from solution 
occurred more gradually over time (Fig 5.5). 
Introduction of [ 3H]BzK5 Me into whole fruit via the transpiration stream and 
incubation for 2 days led to similar amounts of 3H20 being produced as with 
incubation with [ 3H]BzG3. More 3H20 was produced in ripe fruit tissue than in 
unripe fruit tissue as also noted with [ 3H]BzG3 (Fig. 5.6). 
5.2 Probes introduced via vacuum infiltration 
[3 H]BzK5Me was vacuum infiltrated into fruit to avoid any exposure to any other 
tissue than that of the fruit, unlike introduction via the transpiration stream when the 
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Fig. 5.5 Uptake of 3 H from [3 H]BzG3 and [ 3H]BzK5Me into excised 
pericarp of ripe tomato fruit. Pericarp (1 g) was incubated in 2 ml 
10 mM tartrate buffer (sodium form; pH 4.4) containing either 
[3H]BzG3 (0.04 .tCi) or [3 H]BzK5Me (0,04 ..tCi). Every hour 200-1fl 
aliquots of solution were assayed for radioactivity (T 0—T4). After 4 h 
the tissue was transferred into 2 ml of fresh buffer and incubated for 30 
mm; an aliquot of the buffer was then assayed as before (Ap 1), this 
process was repeated (Ap 2). The tissue was then ground in fresh 
buffer and centrifuged at 2500 g for 10 mm; an aliquot was assayed as 
before (Gr 1), the centrifugation and assaying process was repeated 
(Gr 2). Finally the sample was centrifuged at 2500 g for 10 min and 
the remaining pellet was incubated with 1 ml of 1 M NaCl and shaken 


















Control 	 MG 	 Ripe 
Fig. 5.6 3 H2 0 production by tomato fruit at different ripening stages. 
[3H]BzK5Me (1 jiCi) was supplied to fruit via the transpiration stream 
and incubated for 2 days. Tissue was shaken in extraction buffer (2 ml) 
and the extract subjected to cation-exchange chromatography. The 
eluent was half-saturated with ammouniurn sulphate and then sujected 
to reverse-phase chromatography on a C 18 column. The final eluate 
















Control 	MG 	MG 	MG 	Ripe 	Ripe 
(FIT) 
Fig. 5.7 3H20 production by mature green tomato fruit pericarp 
incubated with [ 3  H]BzK5Me, [ 3}-I]BzK5Me (1 p.Ci) was supplied to 
whole fruit via vacuum infiltration and incubated for 2 h. Frozen—
thawed (FIT) fruit had previously been incubated at —20°C overnight 
and completely thawed. Tissue samples were then treated as for Fig. 
5.6. In the control the [3H]BzK5Me was not exposed to fruit tissue but 
incubated in tartrate buffer (sodium form; pH 4.4) and then treated 
exactly as the fruit extract. 
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from unripe fruit, ripe fruit and unripe fruit that had been freeze—thawed was vacuum 
infiltratied with I p.Ci [3H]BzK5Me and incubated for 2 h (Fig. 5,7). The results 
showed that one unripe fruit produced more 3H20 than both red-ripe fruit; however, a 
second sample produced much lower amounts. The freeze—thawed tissue showed no 
3H20 production; this lack of 3H20 in dead tissue could suggest that enzymes such as 
oxygenases or hydroxylases were involved in hydroxylating the probes. Enzymes 
that can hydroxylate amino acids, could mimic the action of •Ol-l; this can occur to L-
Phe via the action of Phe hydroxylase in vivo in human neutrophils (Biondi et al. 
2001). 
5.3 The introduction of probes into tomato fruit tissue 
The probes described above were developed specifically to measure 0H activity in 
the apoplast of fruit tissue. In order for the probe to remain compartmentalised it 
was vital the amide bond between the benzoyl group and the oligopeptide remained 
intact in the tissue as benzoic acid alone would enter the protoplast and there would 
be exposed to enzymes such as oxygenases which would lead to 3H20 production. 
[3 H]BzG3 was introduced into a tomato fruit either via the transpiration stream or by 
vacuum infiltration, or into excised tissue by shaking, and incubated for 2 h. The 
tissue was then incubated in methanol containing pyridiniurn formate and 25 Al 
aliquots of this solution were analysed by paper chromatography. Results indicated 
(Fig. 5.8) that the most [ 3H]benzoic acid was produced in pericarp tissue that had had 
[ 3 H]BzG3 introduced via the transpiration stream; less [3H]benzoic acid was 
produced in fruit that had been vacuum infiltration with [3H]BzG3 , and shaking 
excised tissue in [3H]BzG3 produced the least [3H]benzoic acid. However, it was 
postulated that less of the probe may have entered the tissue during the shaking 
method than with the other techniques; shaking excised tissue also used tartrate 
buffer to maintain the fruit tissue and this may have affected 01-I production in the 
tissue. [3H]Benzoic acid was also produced in tomato fruit pericarp after vacuum 
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Fig. 5.8 Hydrolysis of [H]BzG 3 after introduction into tomato fruit. 
[31-I]BzG 3 (0.5 p.Ci) was introduced to into ripe tomato fruit in three 
ways and incubated for 2 h. Tissue (0.5 g) was extracted in 50% 
methanol containing 2 M pyridinium fonnate (2 ml) and aliquots of the 
extract were run on paper chromatography in BAW (12:3:5). The 
reason for the high amount of BA contamination in the [3H]BzG 3 
sample may have been breakdown or contamination of the sample. 
(BA = benzoic acid). 
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Fig. 5.9 [3  H]Benzoic acid production in tomato pericarp after vacuum 
infiltration with [3H]BzK 5Me. [ 3 H]BzK5Me (1 tCi) was infiltrated into 
whole ripe tomato fruit and incubated for 2 h. Tissue (0.5 g) was 
extracted in 50% methanol containing 2 M pyridinium formate (2 ml) 
and 10 .i1 aliquots of this solution were developed on silica-gel TLC in 
toluene:acetic acid (9:1) (BA = benzoic acid). 
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test this theory [3 H]BzK5Me was vacuum infiltrated into ripe tomato fruit along with 
a protease inhibitor cocktail; after incubation for 2 h the pericarp tissue was analysed 
for [3H]benzoic acid (Fig. 5,10). Less benzoic acid was produced; however, such a 
cocktail of enzymes could affect many other processes in the tissue. 
5.4 [HJ Benzoylpolyallylamine (BzPA) 
In order to minimise [3H]benzoic acid production a new probe was developed with 
the [ 3 H]benzoyl group attached to polyallylamine (Table 5.1). The compound was 
tested for any traces of [311]benzoic acid before it was infiltrated into fruit (Fig. 
5.11); the small amount of [3H]benzoic acid present was removed by drying from 
2 M hydrochloric acid (50 .tl) in the SpeedVac (Fig 5.12). This process also replaced 
acetate ions, present from acetate buffer used in the synthesis of the probe, with 
chloride ions, which would be less toxic to the tomato tissue. Neither vacuum 
infiltration of [3 14]BzPA into tomato fruit nor shaking pericarp tissue in buffer 
containing [3 H]BzPA followed by incubation for 2 h led to the production of 
[3H]benzoic acid (Fig. 5.13). Analysis of 3H20 produced after the vacuum 
infiltration of [3H]BzPA in tomato fruit for 2 h and removal by anion-exchange and 
reverse-phase chromatography showed more 3H20 in ripe tissue than in unripe tissue 
(Fig. 5.14). More H20 was produced in the locule in each case, the same pattern as 
seen with ascorbate concentration in the apoplast of tomato fruit. However the 
amounts of 3H20 produced were higher than expected based on previous experiments 
and so a cation-exchange step was added to the process of removing non- 3H20 
products after the incubation of [ 3 H]BzPA in the fruit (Fig. 5. 15a and b); this step 
reduced the amount of 3H. However, in two repeats of the experiment there was no 
pattern of 3H20 production related to ripening. In experiment (a) more 3H20 was 
produced in the locule tissue of ripe and unripe fruit than in other tissue but ripe and 
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Fig. 5.10 Effect of protease inhibitors on [ 3 H]benzoic acid production 
from [ 3H]BzK5Me. [ 3 H]BzK 5Me was vacuum infiltration into whole 
ripe tomato fruit and incubated for 2 h with and without the co-
infiltration of a protease inhibitor cocktail (Sigma; 100 iid, prepared 
according to manufacturer's instructions) (BA = benzoic acid; P1 = 
protease inhibitor). Paper chromatography was carried out on 
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Fig. 5. 11 Analyses of presence of [3H]benzoic acid in [31-1]BzPA. 
[3H]BzPA was run on a silica-gel TLC plate along with external 
[3H]benzoic acid in toluene:acetic acid (9:1) and assayed for 
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Fig. 5.12 Benzoic acid present in [3H]BzPA after drying in the 
Speed'Vac in the presence of 2M HCL. Aliquots (10 .tl) were 
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Fig. 5.13 Hydrolysis of [ 3 H]BzPA (1 pCi) in tomato pericarp after 
vacuum infiltration into whole ripe fruit and incubation for 2 h or after 
being shaking in the presence of [ 3H]BzPA (1 p.Ci) in 20 mM tartrate 
(sodium form; pH 4.4) for 2 h. Tissue (0.5 g) was extracted in 50% 
methanol containing 2 M pyridinium formate (2 ml) and a 25 .t1 
aliquot of this solution was developed by paper chromatography in 

















Control 	GP 	RP 	GL 	RL 
Fig. 5.14 3H20 production from [3 H]BzPA by tomato fruit at different 
ripening stages. [3 H]BZPA (1 j.tCi) was supplied to fruit via vacuum 
infiltration and incubated for 2 h. Compounds were extracted and treated 
as for Fig. 5.6. (GP = green pericarp; GL = green locule; RP = ripe 
pericarp; RL = ripe locule. 
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Fig. 5.15 3H20 production from [31-l]BzPA by tomato fruit at different 
ripening stages when samples were treated with anion- as well as 
cation-exchange chromatography. Extracts were treated as for Fig. 5.6 
except they were subjected to both cation- and anion-exchange 
chromatography (1 ml bed volume of each) prior to elution from C 1 8 
columns (abbreviations as in Fig 5.14). (a) and (b) show results from 
two identical repeats of the above experiment. 
5.5 Conclusion 
The detection of OH radicals in the apoplast of fruit tissue using 3H-labelled 
probes led to the development of [3 H]BzPA, a molecule that did not become 
detectably degraded to [3H]benzoic acid after limited incubation in ripe and 
unripe tomato fruit tissue. The removal of contaminating products by ion-
exchange chromatography and reverse phase chromatography left a neutral 3H 
product. This was thought to be 3H20, indicating the presence of 'OH in tomato 
fruit apoplast during ripening—perhaps especially in the locule, where active 
oxygen species may have an important role in liquefaction especially if 
ascorbate concentrations are high early on in the ripening process. 
178 
6. Discussion 
Fruit ripening is the result of a number of complex alterations to cellular gene 
expression and physiology that lead to modification of fruit texture, flavour, colour 
and aroma once fruit growth is complete (Brady 1987). These changes both increase 
the appeal of fruit tissue to animals and eventually lead to tissue breakdown, thus 
ensuring that seed dispersal occurs. Many fruits are also commercial crops and the 
understanding and control of the ripening process both minimises fruit wastage 
during transportation and allows improved fruit quality for the buyer. 
As ripening occurs cell wall hemicelluose depolymerisation (Huber 1983; 
Sakurai and Nevins 1993), and middle lamella and cell wall pectin solubilisation and 
depolymerisation takes place (Huber 1983; Huber and O'Donoghue 1993; Brummell 
and Labavitch 1997); this breakdown of polysaccharides leads to the textural changes 
associated with ripening and may also lead to the release of oligosaccharides with 
potential biological activity, in climacteric fruit, such as the tomato, the initiation of 
ripening is marked by an increase in respiration and an autocatalytic increase in 
ethylene production. The physiology of the fruit then begins to change; one of these 
changes is a massive increase in the amount of endo-PG mRNA and detectable endo-
PG protein (Grierson and Tucker 1983). Detection of endo-PG concomitantly with 
increases in cell wall pectin solubilisation and depolymerisation and fruit softening 
have led to this enzyme being held largely responsible for fruit softening. However, 
in recent years the importance of endo-PG has become unclear as in transgenic 
tomato fruit with very low PG activity pectin solubilisation still occurs and pectic 
depolymerisation is only moderately reduced, mainly at latter ripening stages, rather 
than prevented (Smith et al. 1990; Brumell and Labavitch 1997). These antisense 
fruit softened as normal until the over-ripe stage. This and other work (see section 
1 .9.1) suggests that other, perhaps non-enzymic, processes may have important roles 
in cell wall disassembly during ripening. 
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6.1 Oligogalacturonides present during tomato fruit 
ripening 
The processes that lead to depolymerisation of cell wall polysaccharides control the 
type of oligosaccharides released into the apoplast and some of these 
oligosaccharides may possess biological activity that could affect the ripening 
process. The pectic depolymerisation that occurs during ripening is thought to be 
responsible for the putative presence of oligogalacturonides in ripening fruit (Brecht 
and Huber 1988). Homo-oligogalacturonides (DP ~!8) produced from commercial 
pectin or prepared from tomato cell walls by the action of endo-PG have been 
infiltrated into unripe fruit and shown to have biological activity: for example, they 
induce ethylene biosynthesis and reduce cellular sensitivity to ethylene (Brecht and 
Huber 1988; Campbell and Labavitch 1991b). Yet there has been little investigation 
into the oligosaccharides naturally present in fruit tissue. 
In the work described in the present thesis, low molecular weight compounds 
were isolated directly from frozen tomato fruit pericarp tissue by thawing into 
aqueous formic acid to prevent any enzyme activity and avoid the use of alcohols 
that might have precipitated certain oligosaccharides. The effect of formic acid on 
acid-labile bonds was investigated using [Fuc-3 H]XXFG. The Fuc group was 
relatively stable in 15% formic acid and it was concluded that no artificial oligomer 
production would be taking place in 1 month unless it involved very acid-labile 
bonds such as Araf. 
Analysis of carbohydrates indicated the presence of a series of at least 
partially acidic oligomers that are not present in unripe fruit but are found in ripe and 
over-ripe fruit. These compounds run closely with external homo-
oligogalacturonides with DP 2 to 6 in ripe fruit and DP 2 to 5 in over-ripe fruit. The 
DP of the detected oligomers did not change when formic acid was used throughout 
the gel-permeation chromatography to ensure no renaturing of enzyme activity. The 
chromatographic and staining properties of these oligomers suggest that they are 
oligogalacturonides. Their absence in MG fruit could have been because there is no 
ripening-related pectin depolymerisation taking place and agrees with other workers' 
suggestions that pectic oligomers do not have a role in the initiation of ripening 
(Melotto et al. 1994). 
Huber and Lee (1988) analysed the uronic acid-containing material released 
from autolytically-active tomato pericarp AIR, which had been previously isolated 
via homogenisation in acetate buffer (sodium form; pH 4.5), followed by filtration 
and further washing of the homogenates in cold 95% ethanol and acetone. The 
workers found that polymeric material, oligomers (DP <8) and GalA are released 
from the AIR of tomato fruit in which ripening had been initiated (recognised by 
colour change) but only trace amounts of carbohydrate-containing material are 
released from AIR of unripe fruit tissue. The polymeric material released by 
autolysis from AIR of ripe tomato fruit material contains neutral sugars as well as 
GalA residues, but the oligomers do not, suggesting that at least the oligomers have 
been solubilised by endo-PG. No oligomers larger than DP 6 were isolated in this 
study and none of the acidic oligomers appeared to be substituted with neutral 
sugars. Yet, the presence of neutral sugar-containing polymers in the Huber and Lee 
study (1988) may have been because solubilisation and depolymerisation of 
polysaccharides in vitro is unrepresentative of how these processes take place in the 
complex and controlled conditions of the apoplast. It has been suggested that in vitro 
incubation of AIR may enhance endo-PG activity compared to conditions in the cell 
wall during ripening in vivo when it is suggested that optimum ionic and pH 
conditions for endo-PG activity may only be approached once the fruit's plasma 
membranes have become leaky and ions, such as potassium, move into the apoplast 
(Chen and Huber 1998; Wakabasyashi 2000). There is also likely to be localised 
variation in pH and ion concentration in the apoplast that is not represented by 
uniform incubation conditions in vitro. The possible loss of Ca 
2' during the 
preparation of AIR may also promote the release of larger oligomers not soluble in 
the apoplast in vivo (Huber and Lee 1988). 
Huber and O'Donoghue (1993) have stated that there are no galacturonic 
acid-containing oligosaccharides present in ripe tomato fruit AIR. Their conclusion is 
based on an analysis of uronides sequentially extracted from tomato fruit pericarp 
AIR. The AIR was isolated through a series of treatments with 95% ethanol, 80% 
ethanol, Tris-buffered phenol, chloroform (containing methanol) and acetone, each 
step being followed by filtration and removal of any solutes. It may be that one or 
more of these treatments could have led to the loss of small oligomers and could 
explain why none were detected. 
Melotto et al. (1994) used isolated water-soluble, ethanol-insoluble pectic 
oligomers from enzymically inactive tomato fruit AIR that had been prepared by 
refluxing the tissue in boiling 95% ethanol. These oligomers contained varying 
proportions of neutral sugar residues. This work concluded that either no homo-
oligogalacturonides are present in tomato fruit, or they are present at very low 
concentrations. However, the apparent lack of horno-oligogalacturonides detected by 
Mellotto et al. (1994) may be a result of loss of oligomers during the preparation of 
AIR by refluxing with 95% boiling ethanol. 
The horno-oligogalacturonides detected in the present study may stem from 
the middle lamella, which has been suggested to undergo pectic depolymerisation 
early on in the ripening process, perhaps through the action of endo-PGI (Crookes 
and Grierson 1983; Knegt et al. 1988; Melotto et al. 1994). The pectin of the middle 
lamella is thought to have far fewer neutral sugar branches and a lower degree of 
methyl-esterifi cation than the pectin in the cell wall (Seymour et al 1987; Redgwell 
and Selevendran 1986; Vreeland et al. 1989; Roy et al. 1994): these general 
structural features would make it easier for endo-PG and PME to act on the middle 
lamella pectin. It has been shown that although some pectin depolymerisation takes 
place in the breaker and pink stages of ripening, much depolymerisation, perhaps in 
the cell wall rather than middle lamella, takes place in the later stages of the ripening 
process from the red-ripe stage to the over-ripe stage of development when the 
reduced integrity of the wall allows easier enzyme access to its substrates (Huber and 
O'Donoghue 1993; Brummell and Labavitch 1997; Brummell et al. 1999). This 
temporal and spatial control of polysaccharide breakdown may affect the type of 
oligomers present during ripening. 
Most pectic oligosaccharides that have biological activity are thought to have 
a DP of >10 (Aldington and Fry 1993), and oligogalacturonides with DP >10 are able 
to undergo dimerisation in the presence of Ca 2 , which may be important in 
signalling activity (Kohn 1975; Liners et al. 1992). There are exceptions, however: 
oligogalacturonides of DP 4-6 are able to induce ethylene release and ACO 
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expression in tomato leaves (Simpson et al. 1998). Bishop et al. (1984) showed that 
oligogalacturonides can induce the production of proteinase inhibitor I in tomato 
plants (Bishop et al. 1984), with the hexagalacturonide being most active. The 
hexagalacturonide detected in red-ripe tomato fruit is not present in over-ripe tomato 
fruit; the absence of this oligomer may allow cell wall alterations to take place late in 
the ripening process when a large amount of polysaccharide depolymerisation takes 
place. Tomato fruit must soften but still maintain their integrity until the over-ripe 
stage and beyond. If endo-PG activity is controlled by oligogalacturonides then their 
action may play a part in the control of PCW breakdown. My study has shown that 
small oligogalacturonides are present in ripe tomato fruit; it could be that these 
oligomers, rather than larger oligomers, act as oligosaccharins in vivo during tomato 
fruit ripening. However, the purification of these tomato fruit oligogalacturonides 
followed by bioassays would be required to test this idea and these were not carried 
out during this study due to time limitations. 
Larger oligogalacturonides may not have been isolated from fruit tissue in the 
formic acid used in the present study if they are insoluble at such low pHs. This 
could be tested by the addition of a radiolabelled larger oligogalaturonide to fruit 
during homogenisation in formic acid. The isolation of a series of 
oligogalacturonides (DP 6-16) in the filtrate from the partial acid hydrolysis of citrus 
pectin with 2 M TFA (Veng-Meng et al. 1994) does suggest that larger 
oligogalacturonides can remain soluble at low pHs. 
6.2 Neutral disaccharides present in ripening tomato fruit 
Two neutral disaccharides have been isolated from both unripe and ripe tomato 
pericarp tissue and locular material; these have been identified as gentiobiose (0- 
1----.6-finked Gic disaccharide) and nigerose (a-1-3-G1c disaccharide) and are 
present in the apoplast of ripe tomato pericarp. Unlike the oliogalacturonides 
isolated, these disaccharides have not previously been reported to be apoplastic 
solutes and are not known to be part of any plant cell wall polysaccharide. However, 
a gentiobiosyl-containing xanthone has been isolated from whole plant extract of 
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Ha/eu/a corn/cu/ala (Rodriguez et al. 1995) and carbohydrate esters of cinnamic acid 
isolated from cape gooseberry fruit include a trans-cinnamoyl gentiobiosyl ester 
(Latza et al. 1996). Gentiobiose could potentially be released from the breakdown of 
these compounds. 
The infiltration of gentiobiose into whole unripe fruit leads to an acceleration 
of the initiation of ripening as does co-infiltration of gentiobise and nigerose; 
nigerose infiltrated alone does not affect ripening. However, the acceleration time 
was not significant in all experiments and in all cases ripening was only accelerated 
by approximately 2 days. Yet when MG3 tomato fruits are exposed to ethylene the 
initiation of ripening is accelerated by as much as 6 days (Brecht and Huber 1988); 
therefore the application of these oligosaccharins does not effect the initiation of 
ripening to same extent as the application of exogenous ethylene. It is also important 
to note that the experimental procedure utilised was unable to detect MG3 fruit in 
which autocatalytic ethylene was being produced but where colour change had not 
yet occurred. These fruit would have affected the overall results as they would have 
ripened more quickly than less developed MG3 fruit. 
The potential role for gentiobiose and nigerose in tomato fruit not clear. 
Ethylene is known to control many ripening processes such as the increased 
expression of PG, but some processes such as lycopene synthesis are ethylene-
independent processes and these may be under the control of signalling molecules. 
How the autocatalytic production of ethylene is triggered at the very start of ripening 
is unknown. Gentiobiose and nigerose, unlike oligogalacturonides, are also found in 
unripe fruit and so it could be argued that they have the potential to affect the 
initiation of ripening by affecting ethylene production directly. The amount of 
gentiobiose and nigerose increases dramatically in locular material from unripe to 
ripe fruit, and it is also this tissue in which ripening first occurs. Clearly more work 
is required in order to establish whether gentiobiose and nigerose have any 
regulatory role in ripening and if so what this role is; this could be undertaken by 
both extending the bioassays and measuring ethylene production relative to the 
introduction of the disaccharides. Molecular techniques could also be applied to see 
if gentiobiose and nigerose are able to affect gene expression related to tomato fruit 
ripening 
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An important requirement of any oligosaccharin is its susceptibility to being 
broken down or removed by incorporation into polysaccharides; the majority of 
[ 14C]gentiobiose that was vacuum infiltrated into whole tomato fruits is broken down 
into Gic, incorporated into polymers or lost via respiration after 24 h in both unripe 
and ripe fruit. 
The origin of gentiobiose and nigerose in tomato fruit is unknown although it 
does not seem that they are derived from glycosyl esters with phenolic acids. I 
suggest that the disaccharides could have originated in three ways. 
Both gentiobiose and nigerose have been isolated from bacteria and fungi: free 
gentiobiose has been isolated directly from the bacterium Sinorhizohium me/i/oil 
where, along with other disaccharides such as trehalose and cellobiose, it is propsed 
to act as an osmoprotectant (Gouffi et al. 1999). Nigerose has been isolated from the 
fungus Laeiiporus suiphureus after acid hydrolysis of an alkali-soluble D-glucan 
(Takeo and Matsuzaki 1983). The disaccharides isolated from fruit could have 
originated from pathogens on the fruit. However, all fruit analysed in this study were 
blemish-free and a preliminary analysis of peeled fruit also indicated that gentiobiose 
and nigerose are present in fruit tissue. Disaccharides, produced by pathogens, that 
led to acceleration of the ripening process could be beneficial for invading organisms 
by creating a more hospitable environment; thus the presence of pathogens and 
pathogen-derived oligomers would be expected to increase, especially in the pericarp 
tissue, as ripening continues. There is some increase of both disaccharides in the 
pericarp of ripe fruit, compared to unripe fruit, but these increases are not dramatic. 
The disaccharides could originate from the breakdown of as yet unidentified cell 
wall polysaccharides or glycoproteins. This is quite unlikely as the components of 
the PCW are very well characterised; however, the possibility cannot be ruled out. 
The disaccharides may be produced de novo in the tomato fruit through the action 
of glucosidases, which are present in fruit tissue (Cheng and Huber 1997). An 
enzyme with 3-1-->3-exo-glucanase and general 3-glucosidase activity from soybean 
cells has been shown to hydrolyse laminarin and also catalyse glycosyl transfer, 
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leading to the production of 13-glucose disaccharides (Cline and Albersheim 1981). 
The disaccharides formed were 6-, 4-, 3- and 2-linked in a ratio of 10:1:1:1, so 
gentiobiose was the most abundant disaccharide produced in vitro. I suggest that 
glucosidases present in tomato fruit may also be able to catalyse this reaction, 
possibly using Glc from callose or xyloglucan (if it were unsubstituted) as a donor 
substrate, leading the production of neutral glucose disaccharides with gentiobiose 
being the prominent disaccharide produced. A 13-D-glucosidase with 
transglycosylase activty as well as hydrolysis activity has been purified from 
nasturtium seedlings (Crombie et al. 1998). The products from the incubation of 
laminaribiose, cellobiose and sophorose with the purified 13-D-glucosidase in vitro 
included gentiobiose (Crombie et al. 1998). The purified 13-u-glucosidase is also able 
to release Glc from xyloglucan oligosaccharides in vitro. 
Work presented in this thesis confirms that this transglycosylation reaction 
leading to disaccharide formation can occur in vitro using 13-glucosidase. The 
production of nigerose could potentially be mediated by an a.-glucosidase acting on 
starch. These types of transglycosylation reactions have been proposed to occur in 
microorganisms including the fungus Acrernoniuni sp. S4G13, which produces an 
uncharacterised enzyme able to hydrolyse malto-oligosaccharides leading to the 
production of both Gic and nigerose (Konishi and Shindo 1997). The authors suggest 
that nigerose was formed by the enzyme having transgl yco sy lase activity as well as 
hydrolase activity that allowed transfer of the glucosyl moieties onto the C-3 position 
of the acceptor molecules. A f3-glucosidase from the fungus Pen/c/ilium 
purpurogenum P-26 can lead to the formation of gentiobiose from cellobiose in vitro 
(Kurasawa et al. 1992). A f3-glucosidase from Thai rosewood is able to catalyse the 
synthesis of disaccharides from 40-70% (w/w) GIc with gentiobiose being the major 
disaccharide produced (Srisomsap et al. 1999). However, this reaction is carried out 
at high temperatures (60-65°C) and the formation of disaccharides is likely to be the 
result of a condensation of GIc rather than a transglycosylation reaction involving a 
donor Glc residue. 
Sugars such as Glc and Fru can act as plant signalling molecules that regulate 
gene expression and co-ordinate carbon metabolism and cell-cycle regulation (Jang 
and Sheen 1997). Disaccharides such as lactulose, palatinose and turanose, all 
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containing a Fru group, have been shown to be perceived as part of a sugar-sensing 
mechanism, modulating the expression of ct-amylase in barley embryos (Loreti et al. 
2000). The authors suggest that the disaccharides are sensed at the plasma membrane 
level outside the protoplast. If this is the case the presence of further disaccharide 
receptors recognising gentiobiose and nigerose would seem plausible. 
The work presented in this thesis has shown that oligosaccharins present in 
plant tissue can also have very low DPs compared with the DP of oligomers used in 
in vitro bioassays to investigate the action of potential oligosaccharins. This 
highlights the importance of carrying out bioassays using oligosaccharides that are 
actually present in vivo to allow the oligosaccharin concept to be validly tested (Côté 
and Hahn 1994). 
6.3 Potential role of ascorbate-mediated hydroxyl 
production during tomato fruit ripening 
It has previously been shown that ascorbate is able to induce polysaccharide scission 
in vitro in the presence of 02 and traces of Cu 2 via the production of 0H (Fry 
1998). If 011 production occurs in vivo this active oxygen species may have a role 
in controlling cell growth (Hidalgo et al, 1991) and may play a role in the cell wall 
disassembly associated with fruit ripening especially since the concentration of 
cellular and apoplastic ascorbate increases in tomato fruit during ripening. The 
production of 0H in plant cells, via a complex reaction cycle involving NAPH as a 
reducing substance, has been shown (Chen and Schopfer 1999); again it has been 
suggested that if apoplastically located this 0H may have an underlying role in cell 
expansion (Schweikert et al. 2000) 
Isolated MG tomato fruit AIR release uronate-containing polymers into 
solution in the presence of ascorbate. Since 0H is so reactive, with a half-life of 
—I ns in a biological milieu, the molecule will only have a very limited diffusion 
path of -1 nm (Haliwell and Gutteridge 1999). Thus the action of 0H on 
polysaccharides may be determined by the localisation on Cu 2+  in the wall. OH 
radical activity in human cells has been shown to be localised on DNA by the 
presence of Cu 24 ions (Halliwell and Gutteridge 1999) and ascorbate-mediated 
187 
depolymerisation of chitosan may also be focused by CU21  ions (Tanioka et al. 1996). 
An attempt was made during the present study to probe the apoplast for hydroxyl 
radicals; however, this proved difficult as the probes [3H]BzG3 and 
[3H]BzK5MC are 
broken down in tomato fruit, releasing [3H]benzoic acid. This breakdown could 
indicate the presence of amidases such as hippurate hydrolase (Webb 1992) in the 
apoplast. 
Results using [ 3 H]BzPA, developed to be localised in the apoplast, suggest 
hydroxyl radical activity in tomato fruit, perhaps to a greater extent in the locule than 
in any other tissue. The ascorbate concentrations in the locule apoplast appear to 
undergo a rapid increase in unripe fruit; it is not know whether this increase is co-
ordinated with the climacteric increase ethylene biosynthesis marking the start of 
ripening, if ascorbate concentration as well as local Cu 2 concentration promotes the 
production of 'OH then an increase in activity in the locular tissue may promote 
liquefaction, a process involving cell wall disassembly that takes place prior to 
ripening and without the enzyme endo-PG. Another technique for analysing cell wall 
polysaccharides for 'OH activity may prove fruitful; this involves the identification 
of glycosulose residues, which are indicative of 'OH attack on carbohydrate residues 
at the C 2, 3 and 6 position of 4-linked pyranose residues (Miller and Fry 2001). The 
use of this technique has indicated 0H activity in ripening pear fruit (Fry, Dumville 
and Miller 2001). 
Non-enzymic solubilisation of pectic polysaccharides by the sequestering of 
Ca2 by organic acids was investigated in vitro. It is suggested that this mechanism 
could have an important role in cell wall breakdown, especially once pectin has been 
de-esterified by the action of PME and ionic binding could increase. In vitro organic 
acids, especially citrate and oxalate, could promote the solubilisation of uronate-
containing polysaccharides from MG tomato fruit AIR. This mechanism could occur 
in VFVO especially in areas where there are high concentrations of organic acids. This 
conclusion does not agree with work carried out by MacDougall et al. (1995); 
however, the accuracy of their organic acid measurements has been questioned (see 
section 1.4). MacDougall et al. (1995) also did not account for variations in organic 
acid contents in different regions of the PCW and in different tomato fruit tissues. 
ii:t:i 
Ripening is a complex process but much research has focused on enzymic 
mechanisms thought to lead to textural changes. Although these enzymic processes 
are of some importance, ripening seems to involve a plethora of processes, some of 
which are more widespread than others that may occur in localised pockets of the 
PCW or middle lamella where conditions are right. One of these latter mechanisms 
could be the solubilisation of pectin by organic acids, especially citrate and oxalate. 
The other is the solubilisation and depolymerisation of pectin by 0H. 0H could 
also induce lipid peroxidation in fruit, leading to an increase in the permeability of 
membranes, and hence an increase in ions such as citrate in the apoplast, both of 
which can further advance the softening process. 
The upsurge in the use of molecular biology over the last twenty years has led 
to increased understanding of the fruit ripening process and in turn to uncertainty 
about the role of endo-PG in fruit softening. This enzyme has been focused on for 
many years as being responsible for most textural changes during ripening, yet it is 
now clear that this idea has over-simplified the processes that occur during fruit 
softening and has therefore limited further investigation into biochemical processes, 
such as changes in membrane permeability, which have been hiding in the shadow of 
polysaccharide hydrolases for many years. The work described in this thesis aims to 
highlight the potential role of active oxygen species and organic acids in tomato fruit 
softening and concludes that there is the potential for many biochemical processes to 
contribute to fruit softening and, in light of information that molecular biology has 
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Scottish Cell Wall Group Conference. Dundee 1998. 
Naturally occurring oligosaccha rides in ripening fruit 
Jo Dumville 
The Edinburgh Cell Wall Group, JcMB, The University of Edinburgh, Daniel 
Rutherford Building, King's Buildings, Mayfield Road, Edinburgh, EH9 31H, UK, 
Backrourid 
For 20 years it has been suggested that certain short chain carbohydrates are able to 
induce biological responses within plants. These oligo saccharins, isolated from 
fungal and plant cell walls, act as signalling molecules playing an important part in 
plant defence responses [1], also helping to regulate development and growth 
processes [2]. 
Fruit ripening is an area of plant development where the putative action of various 
enzymes on cell wall polysaccharides leads to reduction of cell to cell adhesion. The 
integrity of the wall itself is also affected. This causes the textural changes which 
correlate with continued ripening [3]. The aim of this study is to extend the 
oligosaccharin concept by investigation into the possible roles of oligosaccharides 
present in vivo during ripening. 
Method 
Extraction of oligosaccharides from tomato pericarp and epidermis was undertaken 
using 15% formic acid. Gel permeation chromatography using a Bio-Gel p-2 column 
was then used to separate isolated carbohydrates. Resulting fractions were 
investigated using paper chromatography and thin layer chromatography, utilising a 
range of solvent systems and staining procedures. 
Results 
A series of oligogalacturonides was eluted in three Bio-Gel fractions immediately 
prior to the monosaccharides in the included volume. The series showed better 
resolutions when the Bio-Gel column was eluted with a system of pyridinium acetate 
at pH 4.7. This succeeded in isolating galacturonic acid oligomers of DP 2-7 which 
eluted according to their relative size. Their presence is clearly seen in red ripe fruit, 
but in mature green fruit the concentration is low. This suggests that the presence of 
the oligosacch and es in vivo correlates with ripening. 
Also seen in over ripe tomato is the presence of two as yet unknown oligosaccharides. 
One of these compounds was also present in mature green tomato samples, again at 
lower concentrations. The sugar fragments could correspond with a trisaccharide and 
disaccharide. Staining properties and RF values in diverse solvents suggested that 
these were neutral oligosaccharides containing hexose units. 
Further investigation into both sets of isolated olisosaccharides is to be continued. 
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8 I International Cell Wall Meeting. Norwich 1998. 
Naturally occuring oligosaccharides in ripening tomato fruit 
Jo. C. Dumville and Stephen C. Fry, Edinburgh Cell Wall Group 
Back2round 
Oligosaccharides with suggested biological activity at low concentrations have been 
termed oligosaccharins (1). Several putative roles have been investigated for these 
short chain carbohydrates. These include the regulation of growth and developmental 
processes within the plant, as well as the elicitation of carious defence responses (2). 
These fragments may be acting as signalling molecules when liberated from cell wall 
polysaccharides. Fruit ripening is a process where the action of various enzymes on 
the cell wall polysaccharides leads to a reduction of cell—cell adhesion and affects the 
integrity of the wall itself (3). This degradation causes the textural changes which 
correlate with continued ripening as weill as mediating the production of carbohydrate 
fragments with possible oligosaccharin activity. 
This study aims to extend the oligosaccahrin concept by investigation of 
oligosaccharides present in vivo during ripening. 
Result 
A series of c-(1-4)-oligogalactuonides (DP2-6) was resolved on Bio-Gel P-2 in 
Pyridinium acetate at pH 4.7. Their abundance was clearly greater in red-ripe fruit 
than in mature green fruit. This suggests that the presence of oligosaccharides in vivo 
correlates with ripening. Also seen in ripe tomato fruit was the presence of two 
neutral, reducing disaccharides. Both of these disaccahrides appeared to give only 
glucose on acid hydrolysis. One of these compounds was only present in mature 
green tomato at lower concentrations. The compound with the lower RF ran with 
gentiobiose (6-0-0-D-glucopyranosyl-D-glucose) on paper chromatography and 
borate paper electrophoresis. The second disaccharide may be nigerose (3-0-a--
glucopyranosyl-D-glucose). 
Further qualitative and quantitative analyses of these oligosaccharides will be reported 
for tomato fruit during ripening. 
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Scottish Cell Wall Group Conference. Glasgow 1999. 
Possible mechanisms of non-enzymic solubilisation and depolymerisation 
of cell wall polysaccharides during tomato fruit (Lycopersicon esculenturn 
J\4i11.) ripening 
Jo C. Dumville 
The Edinburgh Cell Wall Group, I(MB, The University of Edinburgh, Daniel 
Rutherford Building, The King's Buildings, Mayfield Road, Edinburgh, EH9 
3111, UK 
Backrou nd 
The ripening of tomato fruit (Lycopersicon esculentum Mill.) takes place 
progressively through anatomical regions of the fruit [1]. The climacteric 
increase in ethylene biosynthesis is seen first in the locule, as is incipient 
colour change. The formation of locular material with its jelly-like 
appearance occurs while the fruit is still at the mature green stage of 
development [2]. This liquefaction before the climacteric response may mean 
that the production of locular material plays some role in the co-ordination of 
ripening. Depolyrnerisation and solubilisation of pectic polysaccharides in 
locule cell walls have been reported, as has the presence of various 
glycosidases [3]. There is also a reported downshift in the molecular mass of 
hemicelluloses in the locule as ripening continues [3]. Fry [4] reported that 
the presence of ascorbate will reduce CU21  to Cu and 02 to H202 and that via 
a Fenton reaction these reduced products are able to produce a hydroxyl 
radical, which is extremely reactive and which causes a reduction in the 
molecular mass of xyloglucan in vitro. Work reported here investigates the 
presence of ascorbate as an agent potentially causing the non-enzymic 
scission of cell wall polysaccharides in vivo during tomato fruit ripening. The 
possibility that organic acids with an affinity for Ca 21  may contribute to pectin 
solubilisation is also presented. 
Progress 
The incubation of cell walls isolated from immature green tomato fruit with 
ascorbate in vitro released 0.1 mg of solubilised uronic acid per mg of cell 
walls. Negligible uronic acid was solubilised in controls which contained no 
ascorbate. This supports a role for ascorbate in the production of a hydroxyl 
radical which could lead to solubilisation and possibly depolymerisation of 
pectic polymers in cell walls in vivo. Different tissues from tomato fruit were 
assayed for the presence of ascorbate at different stages during ripening. The 
locule and unchanged placental material showed a dramatic increase in 
ascorbate concentration at the MG3 stage of ripening when no colour change 
had occurred but the locule was forming with limited liquefaction. Early 
results suggest that hydroxyl radicals are produced by the placental material 
of the locule in ripe tomato. Atomic absorption spectroscopy showed that the 
amount of copper present in ripe fruit was at marginally increased levels 
compared to unripe fruit. Calcium was also present at increased levels in ripe 
fruit as would be expected but Mn, Fe and Mg decreased during ripening. 
Citrate levels in ripe placental material and ripe locule both increased as 
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ripening continued to 1.0 and 4.8 mg/ml respectively. Citrate increased the in 
vitro solubilisation of uronic acids from cell walls isolated from tomato fruit 
as they ripen. 
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Identification of two glucose disaccharides present in tomato fruit during 
ripening: possible novel oligosaccharins 
J0 C. Dumville 
The Edinburgh Cell Wail Group, JC'MB, The University of Edinburgh, Daniel 
Rutherford Building, The King's Buildings, Mayfield Road, Edinburgh, EH9 
3.JH, UK. 
Background 
Certain oligosaccharides are found in the apoplast as a result of polysaccharide 
depolymerisation. Oligosaccharides with suggested biological activity have been 
termed oligosaccharins (1,2). These putative signalling molecules are able to exert 
a wide range of effects on plants, playing important roles in defence responses, cell 
growth and morphology and plant development (2). During tomato fruit ripening, 
cell walls undergo massive structural changes involving the solubilisation and 
depolymerisation of polysaccharides; this breakdown causes the production of 
oligogalacturonides (3). As little work has involved further investigation of 
oligosaccharides during fruit ripening, this study aims to identify novel 
oligosaccharides present in vivo during tomato fruit ripening. 
Results and Discussion 
Two neutral, reducing disaccharides were isolated from an extrat of ripe tomato 
fruit pericarp. These disaccharides were present in the apoplast. Acid hydrolysis 
showed that both compounds were composed of glucose. Development of the 
compounds on paper chromatography and paper electrophoresis along with all 
glucose markers suggested that one compound was, with a lower RF was 
gentiobiose (6-0-0-D-glucopyranosyl-D-glucose) and that the other was nigerose 
(3 -O-(X-D-glucopyranosyl-D-glucose). These identifications were confirmed using 
Dionex I-IPLC with and without internal markers. 
Bioassays involving the vacuum-infiltration of gentiobiose into mature green 
detached tomato fruits via the stem scar sugggests that gentiobiose may accierate 
the initiation of ripening in treated fruit by approximately two days compared to 
controls. 
Work in Progress 
Further work is currently being done to quantify the amounts of gentiobiose and 
nigerose at different stages of ripening in tomato fruit. In addition radiolabelled 
gentiobiose will be used to carry out turnover studies in tomato fruit at differnet 
stages of ripeness. 
This research is supported by a BBSRC studentship 
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Possible functions of copper ions in cell wall loosening 
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Abstract 
We present the hypothesis that Cu 2 , complexed with cell wall polymers (especially histidine-rich 
glycoproteins), can be reduced to Cu by apoplastic electron donors such as ascorbate and superoxide, 
and that the Cu can then undergo a Fenton reaction with apoplastic hydrogen peroxide (H 202) to 
generate hydroxyl radicals (OH). These can cause non-enzymic scission of wall polysaccharides, and 
may loosen the cell wall. In tomato fruit cell walls, 0H radicals cause pectin solubilisation. However, 
we show that acidic pectins do not sequester CU21  sufficiently strongly to prevent 0H-attack on other 
molecules (xyloglucan or aromatics) present in the same solution. We describe two approaches by 
which apoplastic 0H can be detected in vivo: (a) detection of a chemical 'fingerprint' characteristic of 
0H-attacked cell wall polysaccharides, and (b) infiltration into the apoplast of membrane-impermeant 
[3H]benzoyl-amides which react with 0H to yield 3H20. Data support apoplastic 0H production in 
vivo, and its enhancement during pear (Pyrus communis) fruit ripening, but have not so far supported 
its proposed enhancement during auxin-stimulated cell expansion in maize (Zea mays) coleoptiles. 
Abbreviations. A - dehydro-L-ascorbate; AH 2 - L-ascorbate; Ara - L-arabinose; BzG 3 - N-benzoyl-
glycylglycylglycine; BzK 5Me - N-benzoyl-pentalysine methyl ester; Bz-PA - N-benzoyl-polyallylamine; 
Cys - L-cysteine; Gal - D-galactose; GalA - D-galacturonic acid; Glc - D-glucose; GIcA - D-glucuronic 
acid; His - L-histidine; Hyp - 4-hydroxy-L-proline; IAA - indole 3-acetic acid; Lys - L-lysine; Man - 
D-nrnnnose; MLG - mixed-linkage -(l---+3),(1-+4)-D-g1ucan; Mr - relative molecular mass; Pro - L-
proline; SOD - superoxide dismutase. 
Introduction 
Hypothesis 
Copper is an essential element for plants, and deficiency causes growth defects such as sinuous stems 
and branches (Turnbull et al., 1994; Dell, 1995). Copper's unique redox properties enable it to serves 
an indispensable role in the action of a number of proteins such as plastocyanin, cytochrome oxidase, 
laccase (phenol oxidase), ascorbate oxidase, amine oxidases, and some superoxide dismutases (SODs). 
An inadequate copper supply measurably reduces the in-vivo activity of some of these enzymes, e.g. 
SOD (Tanaka et al., 1995) and amine oxidase (Rossi et al., 1995). Excess Cu" is phytotoxic, and even 
quite low concentrations of Cu2 can reverse inhibition by Ag of flower senescence (Knee, 1995). 
In the present paper, we propose the hypothesis that, in addition to its established roles in redox 
enzymes, copper serves an interesting non-enzymic role in the plant cell wall. Specifically, we suggest 
that wall-bound Cu2  can cause the production of the hydroxyl radical (OH), an exceedingly reactive 
molecule which can cleave structural polysaccharides and may thereby loosen the cell wall, promoting 
certain physiologically important processes such as cell expansion, fruit softening and organ abscission. 
Copper in plant cell walls 
Stems, leaves, fruits and roots all typically have CU21  concentrations falling within a relatively narrow 
range (3-30 mg/kg dry mass), regardless of the copper concentration of the soil in which the plant grew 
(Paul and Southgate 1978; Jarvis, 1981). Much of the Cu 2 , especially in roots, is very tightly bound 
within the cell wall and can only be displaced by other Cu2+ 	 63 ions (for example, Cu 2+  can displace the 
radioactive 64Cu21 ), by the chemically similar Pb 24 , or by a fairly high concentration of acid, such as 0.1 
M HCI (Walker and Webb, 1981; Iwasaki et a]., 1990). 
Much of the soluble copper (and nickel) in the apoplast is complexed with organic ligands. In 
the xylem sap of various plants, these ligands include histidine (His) and nicotianamine (Kramer et al., 
1996; Liao et al., 2000). The proportion of CU21  that is bound in this way is pH-dependent: reducing the 
pH from 5 to 4 results in a 30-fold increase in the proportion of free (unbound) Cu 2 (Liao et al., 
2000). 
In plants supplied with unusually high concentrations of Cu 2 , e.g. 200 VLM in the soil water, the 
concentration in the shoots usually remains relatively constant; the excess CU21  is retained in the cell 
walls of the root at concentrations of up to 1.5 mg of Cu per g of dry root cell walls (Jarvis, 1978). 
The insoluble copper in cell walls must be bound to polymeric, structural components which, 
however, are poorly understood. One possible class of binding sites in the primary cell wall is acidic 
polysaccharides, especially pectins [polysaccharides rich in galacturonate (GalA) residues; O'Neill et 
al., 1990]. However, pectins do not appear to bind 100% of the Cu 2 present in typical biological 
systems (van Cutsem and Gillet 1982; Schlemmer, 1989; Nikdel et al., 1991; Wucherpfennig, 1992). 
Another candidate polymeric ligand is a neutral polysaccharide, e.g. xyloglucan, which has long been 
known to interact with Cu" to form an insoluble complex, often used as a step in the purification of 
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such polysaccharides (Rao, 1959; Jones and Stoodley, 1965). There is, however, no evidence that Cu"  
binds to such polysaccharides with a high affinity. 
Another candidate, more likely to involve high-affinity binding, is a sub-set of the cell wall's 
(glyco)proteins, especially those that contain a high proportion of His and/or Cys residues. For example, 
a wall-associated galactose (Gal)-rich glycoprotein that has been purified from Nicotiana styles is rich 
in hydroxyproline (Hyp), Pro, Lys and His (Sommer-Knudsen et al., 1996). Sommer-Knudsen and 
Bacic (1997) have developed a simple method for comparing the metal-ion-binding affinities of proteins. 
Using this method, their laboratory has shown that the N/co tiana style glycoprotein has a very high 
affinity for Cu" ions (Sommer-Knudsen et al., 1997; J. Sommer-Knudsen, M. Verkuijlen, A. Bacic and 
A. E. Clarke, personal communication), presumably owing to its high His content. Several other Hyp-
rich glycoproteins, including many extensins (Stuart and Varner, 1980; Biggs and Fry, 1990; Bown et 
al., 1993) and some arabinogalactan-proteins (Kieliszewski et al., 1992; Baldwin et al., 2001) also have 
His-rich domains, and may have a high affinity for Cu although although their metal-binding properties do not 
appear to have been studied. 
Another class of strongly copper-binding proteins is the metallothioneins (see below), whose 
genes are often highly expressed during fruit ripening (Davies and Robinson, 2000) but which do not 
appear to occur in the cell wall. 
It seems clear that additional wall-associated, copper-binding proteins have yet to be 
discovered. For example, Drew and Gatehouse (1994) found that a Pisum mutant that cannot lignify its 
pod endocarp fails to express a gene which codes for a blue, type- 1 copper-protein. With a calculated 
Mr of 19 400, this protein is smaller than a typical laccase. In addition, a small copper-protein with an 
unusual Ser- and Hyp-rich C-terminal domain has been isolated from cucumber fruit (Mann et al., 
1992). Other wall proteins of possible relevance to copper-binding are the thionins - small, Cys-rich 
polypeptides found in various parts of the plant cell, including the wall, especially in cereals and 
mistletoe (Bohlmann, 1994; Sakurai, 1998). 
Copper has also been reported to bind to high-Mr phenolics (possibly tannins') in hyphal walls 
of the fungus Neurospora crassa (Suresh and Subramanyam, 1998); plant cell walls are also known to 
contain diverse phenolics (Wallace and Fry, 1994). 
Wall-localised copper may generate hydroxyl radicals (OH) 
Cu2 ' in cell walls is of interest because its reduction-product, Cu, can undergo a non-enzymic Fenton 
reaction' with H 202 , producing 0H radicals: 




The rate-constant for this reaction is reported to be 4700 M' s - 1 , which is 60x greater than that for the 
corresponding reaction with Fe 21  (Halliwell and Gutteridge, 1990) 
The two Fenton reactants (Cu' and H 202) can both be produced in the apoplast in vivo: 
the reduction of Cu 2 to Cu may be effected non-enzymically by any of a wide range of 
electron donors (Davies et al., 1991; Fry, 1998; Ohta et al., 2000; Tabbi et al., 2001). Three such 
electron donors that are reported to occur in the apoplast in vivo are ascorbate (Takahama, 1993; 
Burkey, 1999; Zheng et al., 2000), dehydroascorbate (Takahama 1993; Burkey, 1999) and superoxide 
(02'; Frahry and Schopfer, 2001). In addition, Chiamydomonas cells, and possibly also some tissues 
of higher plants can directly reduce extracellular CU21  to Cu by means of a 'cupric reductase', 
apparently located in the plasma membrane (Weger, 1999). 
the presence of H 202 in plant cell walls has frequently been demonstrated, although its 
precise metabolic origin has been debated (Federico and Angelini, 1986; Fra.hry and Schopfer, 1998; 
Zarra et al., 1999; Lin and Kao, 2001). 
Given the probable presence of these two substrates (Cu and H 202), it seems inevitable that 
0H radical production via the Fenton reaction occurs in plant cell walls in vivo. 
Ascorbate is able non-enzymically to reduce both Cu" to Cu and 02 to H202 . Therefore, in the 
presence of traces of Cu 2 , an aerated solution of ascorbate is sufficient to generate 0H radicals via the 
reactions (Fry, 1998): 
Aft + 02 —> A + H202 	 [eq. 21 
V2  AH, + Cu2 - V A + U + Cu 	 [eq. 3] 
(where AH2  = ascorbate and A = dehydroascorbate) followed by [eq. 1] (Fry, 1998). Apoplastic 
ascorb ate is thus of particular interest. The Cu 2 is re-cycled; therefore only minute traces are required 
to support the continuous production of 0H by ascorbate + 02, with the overall stoichiometry: 
4 AR2 + 3 0 —[Cu 2 J--> 4 A + 4 0H + 2 H20 	 [eq. 4] 
In this scheme, the copper effectively acts only as a 'catalyst'. 
Binding of copper to ligands can promote or inhibit its participation in the Fenton reaction 
Since most of the apoplastic copper is tightly bound to organic ligands, it might be suggested that this 
copper would be 'out of play' as far as the Fenton reaction is concerned. However, this is certainly not 
always the case; on the contrary, ligand-associated copper may have enhanced ability to participate in 
the Fenton reaction. 
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Transition metal ions attached to some artificial ligands can be reduced and react with H 202 to 
generate 0H radicals, whereas those attached to other ligands cannot. The results are not always the 
same for copper as for iron: for example, Cu 2 -phenanthroline, Fe 3 -neocuproine and Fe 3 -EDTA 
complexes can readily be reduced and undergo the Fenton reaction and can thus damage DNA, whereas 
Fe".-phenanthroline, Cu2 -neocuproine and Cu 2 -EDTA complexes cannot (Aruoma et al,, 1991; 
Burkitt, 1994). 
Cu24  ions complexed to some natural ligands have also been studied for their ability to generate 
0H radicals. For example, in mammalian Cu-Zn-SOD an increase in the Cu:Zn ratio can result in 
excessive production of active oxygen species - the enzyme becomes a 'superoxide synthase' Yim et 
al., 1993; Estevez et al., 1999). This provides an example of ligand-associated copper possibly 
promoting 0H production. It has also been suggested that overexpression of Mn-SOD in maize leaves 
could result in increased H202 production (Kingston-Smith and Foyer, 2000), which might also lead to 
0H production. 
Metallothioneins are Cys-rich proteins that can bind Cu and/or Zn. In the Zn2 form, 
metallothioneins may act as anti-oxidants, capable of scavenging 0H radicals by reacting them with 
Cys residues, However, the same proteins  can also bind CU21  ions, which are then reduced to Cu by the 
Cys residues; the Cu' formed can react with H 202 to generate 0H free radicals and, under these 
circumstances, metallothionems thus act as 'pro-oxidants' capable of damaging DNA (Sakurai, 1994; 
Oikawa et al., 1995; Suzuki et al., 1996). 
CU21 that is complexed with His or citrate at typical apoplastic pH values can still be reduced 
by ascorbate and then participate in the Fenton reaction (Fry, 1998). The same may be true of Cu 2 that 
is bound to His-rich cell-wall glycoproteins. CU21  that is associated with certain other biologically 
relevant ligands such as poly-His, cysteine or oxalate is partially prevented from participating - 
although in the case of oxalate the effect is only strong when the ligand exceeds about 10 mM (Fry, 
1998). The apoplastic pH may play a role in governing the ability of CU21  to generate 0H radicals since 
lowering the pH by 1 unit (as occurs during auxin-induced 'acid growth') greatly decreases the affinity 
Of Cu24 for histidine-related ligands (Liao et al., 2000). 
Hydroxyl radicals can cause scission of cell wall polymers.' possible role in cell wall-loosening 
The ability of wall-bound copper to generate apoplastic 0H radicals in living plant cells is proposed to 
be of biological significance in cell wall 'loosening'. 0H radicals readily cause the non-enzymic 
scission of polysaccharides in vitro, including hyaluronate, chitosan, pullulan and plant cell wall 
polysaccharides e.g. xyloglucan, pectins and mixed-linkage -(l---3),(l-*4)-glucan (MLG) (Fry, 1998; 
Tabbi et al., 2001; A. Bayne, personal communication). Xyloglucan is a key polysaccharide in primary 
cell walls, especially of dicots: it is thought to act as a molecular 'tether', interconnecting adjacent 
microfibrils and thus limiting cell expansion (Fry, 1989; Hayashi, 1989). The presence of only I Cu 2 
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6 ion per 150000 sugar residues (i.e., 1 Cu 2+  ion per 20-30 xyloglucan molecules of Mr  — 1 0) is enough 
to sustain an appreciable rate of ascorbate-induced scission of xyloglucan chains (Fry, 1998). The 
chemical mechanism of 'OH-induced polysaccharide scission is understood, at least in outline 
(Schuchmann and von Soimtag, 1978; Fry et al., 2001; Miller and Fry. 2001). 
Plant cell walls undergo controlled loosening in vivo, enabling cell expansion and cell 
separation. These processes are important in germination, primary growth, fruit softening and organ 
abscission, but are incompletely understood. Wall loosening is widely assumed to be mediated by wall-
localised proteins - hydrolases, transglycosylases and expansins (Fry, 1995; Cosgrove, 1999). Little 
attention has been paid to the possibility that polysaccharides in the walls of living plant cells also suffer 
copper-dependent, non-enzymic scission. 
Promotion of polysaccharide scission by Cu'-generated apoplastic 'OH radicals would be likely 
to contribute to wall loosening, and thus cell expansion, fruit softening etc. in vivo. These considerations 
may explain some of the following observations: 
Exogenous ascorbate, which reduces CU21  to Cut, can promote cell expansion, e.g. in onion 
roots, especially under conditions favouring ascorbate oxidation (Hidalgo et al., 1991). 
In soya-bean hypocotyls, dithiothreitol inhibits both NADH oxidase activity (which forms 
apoplastic superoxide, another agent that can reduce Cu" to Cu) and auxin-stimulated cell 
extension (which is dependent on wall loosening) (Morrd et al., 1995). 
In maize coleoptiles, exogenous hexacyanoferrate(II1) (' ferricyanide) rapidly promotes 
elongation, probably by activating a plasmalemmar NADH oxidase (Carrasco-Luna et al., 
1995). 
In wheat seeds, levels of rnRNA for oxalate oxidase, an H 202-generating wall enzyme, rise 
sharply at the explosive onset of embryo cell expansion which occurs 5 to 10 h post-imbibition 
(Lane etal,, 1993). 
Wall peroxidase activity, which would compete for available H 202, often correlates negatively 
with growth rate (Fry, 1986). 
Pectin solubilisation and degradation occur in fruits which possess no detectable pectin-cleaving 
enzymes [e.g. persimmon (Cutillas-Iturralde et al., 1993) and kiwifruit (Redgwell et al., 1992)]. 
Endogenous H202 formation was proposed to contribute to pear fruit softening (Brennan and 
Frenkel, 1977). 
Exogenous Cu2 promotes the elongation of Nicotiana pollen tubes (Read et al., 1993). 
The 'taming' oft/ic hydroxyl radical by plants? 
It might be argued that Cu-dependent wall loosening, via the non-enzymic scission of polysaccharides 
by non-cnzymically produced 'oH radicals, would be a hazardous' mechanism by which to promote 
cell expansion or fruit softening - after all, the 'oH radical is widely seen as 'detrimental to life' 
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because it can cause mutation, membrane damage and protein denaturation. However, in defence of the 
hypothesis presented here, we point out the following observations. 
Fruits are short-lived (their raison d'être is often to be eaten by animals) and therefore mutations 
and membrane damage in ripening fruit tissues would be inconsequential. 
. 	0H radicals are so extremely reactive that they have a very short half-life in a biological milieu. 
They are estimated to be capable of diffusing no further than about I nm before reacting with an 
organic molecule (Griffiths and Lunec, 1996). This distance of migration may be compared with the 
thickness of a typical primary cell wall (about 100 nm). 0H radicals are thus effectively site-
specific oxidants: if produced at a particular location within the wall matrix or middle lamella, they 
would be likely to attack a nearby structural polysaccharide chain, and thus promote wall loosening, 
with little danger of reaching the lipids of the plasma membrane, still less the DNA of the nucleus. 
The site-specificity of production of 0H radicals at wall-bound copper ions, could ultimately be under 
the control of the synthesis and secretion of His-rich glycoproteins and other copper-binding ligands. 
Furthermore, the initiation and termination of 0H production, and thus of wall loosening, could be 
regulated by the activity of proteins, such as 
synthesis, secretion and enzymic oxidation of ascorbate and the re-absorption of its oxidation- 
product, dehydroascorbate (Rautenkranz et al., 1994; Smirnoff and Wheeler, 2000); 
• production of superoxide e.g. by the action of NAD(P)H oxidases (Morré et al., 1988); 
• production of H 202, e.g. by wall-bound oxidases (see above); 
• removal of H202 , e.g. by the action of wall-bound peroxidases (Wallace and Fry, 1994). 
Therefore, the process of non-enzymic polysaccharide scission could be just as tightly controlled by 
proteins, and ultimately gene expression, as any other postulated wall-loosening mechanism such as the 
action of xyloglucan endotransglycosylases, cellulases or expansins. 
Experiments and results: Recent work to investigate Cu2tdependent  polysaccharide scission 
Membrane-impermeant probes for apoplastic 0H radicals 
It is difficult to demonstrate reliably the presence of 0H radicals in vivo, and particularly difficult to 
show that they are present in the apoplast, where they would need to be to effect cell wall loosening. 
Our laboratory is working on two complementary approaches for the detection of naturally occurring 
apoplastic hydroxyl radicals in healthy plant tissues. 
In the first approach, we have developed three membrane-impermeant, radioactive, aromatic 
'probes' to test for the apoplastic production of 0H radicals in living plant tissues. Aromatic 
compounds readily react with 0H radicals to produce phenols (e.g. phenylalanine produces a mixture 
of o-, m- and p-tyrosine) and have been used to demonstrate the production of 0H radicals in animal 
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tissues, e.g. in arthritic connective tissue (Grootveld and Halliwell, 1986; Ghiselli, 1998). 
Unfortunately, in the plant apoplast, measuring the phenolic products is not reliable since they would be 
rapidly oxidised by peroxidases. We have therefore synthesised a series of radioactive, aromatic probes, 
which react with 0H to release a detectable product (radioactive water, 3H20), whether or not the 
organic products react further. The probes used are N-[ 3H]benzoyl-glycylglycylglycine (BzG 3), N-[ 3H]-
benzoyl-pentalysine methyl ester (BzK 5Me) and N-[3Hbenzoyl-po1yal1ylamine (Bz-PA) (Fig. 1). The 
3H20 released upon reaction with 0H radicals can be separated from the remaining unreacted probe 
molecules on an ion-exchange or reverse-phase column and measured by scintillation-counting. In the 
cases of BzK 5Me and Bz-PA, the probe is palycationic and may thus become anchored to acidic 
polysaccharides of the cell wall, facilitating detection of wall-localised 0H radicals. 
A set of 1-cm segments of various plant organs (maize coleoptiles and mesocotyls, and the 
vegetative stems, peduncles, petioles or styles of various other plants) were incubated in 20 mM MES 
(Na) buffer, pH 6. 1, containing the probe molecule, e.g. [ 3H]Bz-PA, with or without auxin (IAA; 20 
tM). After incubation (normally for 2 h), the yield of 3H20 was assayed by cation-exchange 
chromatography of a sample of the spent incubation medium. Maize coleoptiles, Tropaeoium peduncles, 
and Russian vine internodes showed a clear promotion of elongation by 20 1.tM IAA. The apparent yield 
of 3H20 was in the range 1-4% of the total 3H, suggesting the production of apoplastic 0H radicals. 
However, there was no evidence for enhanced 3H2 0 production accompanying auxin-promoted growth. 
The IAA-induced elongation of maize coleoptiles was examined over a time-course and shown 
to be measurable within 1 hand to continue for at least 5.5 h. Abrasion of the coleoptile, and removal of 
the internal leaf had little effect. Again, no IAA-promotion of apoplastic 0H production could be 
detected in maize coleoptiles. Similar results were obtained with the other radioactive probes shown in 
Fig. 1. 
We are continuing to work with the three radioactive probes to explore the natural production 
of apoplastic 0H radicals. 
Recognising 0H-attacked poiysaccharides by fingerprinting 
The second approach to the detection of 0H radicals in the apoplast in vivo was to look for a molecular 
fingerprint' diagnostic of the action of these radicals on wall polysaccharides. When pure cell wall 
polysaccharides (xyloglucan and pectin) were treated in vitro with ascorbate—Cu2 -02 mixtures, which 
non-enzymically generate 0H radicals, not only did partial polysaccharide scission occur but also oxo 
groups were introduced which were readily detectable by reaction with NaB 3H4: the products included 
3H-labelled sugar residues, including some 3H-sugars, such as ribose, not normally present in plant cell 
wall polysaccharides (Miller and Fry, 2001; Fry et al., 2001). Similar results were obtained when 
MLG, a major polysaccharide of primary cell walls of grasses, was treated with ascorbate—Cu 2 -02-
generated 0H radicals in vitro. After treatment with NaB 3I-I followed by lichenase digestion, the 'OH- 
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attacked MLG yielded a series of radioactive products, apparently di- to penta-saccharides, as 
determined by paper chromatography. Subsequent digestion with Driselase (a fungal enzyme mixture 
containing numerous endo- and exo-glycosidases) yielded peaks of [3H] glucose, [3H]mannose and 
I 3HIGa1 as well as several 3H-disaccharides and larger Driselase-indigestible 3H-products (Fig. 2, thick 
line). 
The same approach, using NaB 3H4, can also be applied to wall polysaccharides present in plant 
tissues that have not been deliberately treated with 0H. This approach has been tested on auxin-treated 
maize coleoptiles and on ripening pear fruit - two contrasting systems which, however, are both 
undergoing drastic wall-loosening. 
Auxin-treated maize coleoptiles - Cell walls were isolated from maize coleoptiles (pre-
incubated with or without TAA) and then treated with NaB 3H4, which would react with the oxo groups 
that are known to be introduced into polysaccharides during 0H radical attack. 
These cell walls did become 3H-labelled. However, their digestion products did not exactly co-
migrate with authentic MLG-products on paper chromatography after digestion with either lichenase 
(data not shown) or Driselase (Fig. 2). The major identified product was [3H]Gal; however, there was 
no consistent effect of IAA pre-treatment on the yield of this. We were thus unable to detect evidence 
for any auxin-induced increase in 0H radical attack on either MLG or other polysaccharides in the 
walls of maize coleoptiles. 
Ripening pear fruit - When the same type of experiment was conducted on ripening pear fruit, 
positive results were obtained: cell walls from fully ripe pear flesh incorporated more than twice as 
much 3H into their polysaccharides as did crisp, unripe fruit (Fry et al., 2001). The labelled 
polysaccharides released 3H-oligosaccharides upon digestion of the isolated cell walls with Driselase. 
These observations indicate that during pear fruit ripening the cell wall polysaccharides do undergo 
chemical changes indicative of *OH radical attack. This supports the hypothesis that apoplastic 0H 
radicals are generated in vivo. 
Solubilisation ofpectin by ascorbate ± Cu2 
If wall-bound Cu2 is responsible for cell wall loosening during fruit ripening, we would predict 
that the addition of ascorbate to isolated cell walls should result in a promotion of polysaccharide chain 
cleavage (see equations 1-3, above). Recent evidence supports this prediction in the case of tomato fruit 
cell walls (Dumville, 2001). Cell walls were isolated from mature green fruit (i.e., immediately prior to 
ripening) and treated with 1 mM ascorbate at pH 4.7. This caused the solubilisation of pectic material 
amounting to 10-15 mg GalA per g of cell walls, within 18 h at 25°C. The solubilised pectic material 
was built up principally of GalA (partially methyl-esterified), Gal and arabinose residues. Lower 
concentrations of ascorbate (100 .tM) caused lower but still readily detectable pectic solubilisation (-5 
mg/g). The solubilisation was progressive, over a period of at least 18 h, more rapid at pH 3.7 and less 
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rapid at pH 5.7, and could be inhibited in a concentration-dependent manner by dimethylsuiphoxide (an 
excellent scavenger of 0H radicals; Buxton et al., 1988), supporting a role for 0H radicals in the 
solubilisation process. 
Addition of 1.5 .tM Cu 2+  alone did not cause pectin solubilisation from tomato fruit cell walls, 
but 1.5 [IM  Cu2  together with 1 mM ascorbate led to the solubilisation of increased amounts of acidic 
pectic material (30-60 mg GalA per g cell walls in 18 h at pH 4.7 and 25°C). The tomato fruit tissue 
from which the cell walls were obtained contained 4-12 mg Cu per kg dry weight, increasing during 
ripening. Neither Fe nor Mn increased during ripening (Dumville, 2001). It is proposed that the 
endogenous CU21  of tomato fruit cell walls is sufficient to enable apoplastic ascorbate to attack wall-
bound pectins, solubilising them, and that exogenous Cu" can promote this process, suggesting that 
Cu2 may be rate-limiting. 
The ascorbate in the tomato fruit was shown to be partitioned between the apoplast and the 
symplast. The apoplastic concentration was typically 0. 1-1.0 mmol per kg fresh weight of tissue, also 
increasing during ripening (Dumville, 2001). Since the apoplast constitutes only part of the total fresh 
weight of the tissue, the true concentration of ascorbate in the apoplast could be considerably higher 
than 1 mM, and an appreciable contribution of ascorbate to apoplastic 0H production therefore seems 
plausible. 
The presence of acidic pectins does not prevent the Cu 2 —ascorhate—O 2-dependent scission of other 
substrates 
It might be proposed that in the presence of acidic pectins, essentially all the Cu 2+  would bind to these 
polyanions and that other polysaccharides in the same environment would be almost free of Cu 2 . Since 
Cu2 is thought to be a site-specific generator of 0H radicals, this type of consideration could help to 
determine which polysaccharides are targets for non-enzyrnic scission by the action of 0H radicals in 
the walls of living plant cells. 
However, our recent experimental observations in vitro indicate that this is not the case. A 
series of solutions was set up, each containing 2 p.M Cu 2+  in 100 mM acetate buffer, pH 4.7, and two 
potential substrates that can be attacked by 0H: xyloglucan (0.77%, w/v) and [ 3H]BzG3 (0.25 j.tM; see 
Fig. 1). Xyloglucan scission by 0H attack can be assayed viscometrically (Fry, 1998), and [ 3H]BzG3 
oxidation in the same solution can simultaneously be assayed by 3H20 production (see above). The 
effects of all permutations of the following additives were tested: pectin (0, 0.012, 0.12 or 1.2%, w/v), 
ascorbate (0 or 1 mM) and H 202 (0 or 1 MM)- 
The effects of these additives are summarised in Fig. 3. In line with earlier experiments (Fry, 
1998), H202  alone did little to promote xyloglucan scission; it also caused little oxidation of BzG 3 . 
Ascorbate, especially in the presence of H 202, strongly promoted both xyloglucan scission and BzG 3 
oxidation. Pectin induced a small but significant promotion of BzG 3 oxidation, especially in the presence 
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of H202, suggesting that pectin can mimic ascorbate in reducing Cu 2 , as required for the Fenton 
reaction. [Free GalA, G1cA (Fry, 1998) and oligogalacturonides (unpublished) also have this ability, 
whereas neutral sugars (Glc, Gal and Ara), galactonate and fructose 6-phosphate do not (Fry, 1998).] 
The promotion of BzG3 oxidation by pectin indicates that pectin either does not strong bind Cu21 or that 
pectin-bound Cu2 can readily be reduced and participate in Fenton reactions, generating 0H radicals 
that are not immediately dissipated on the pectin molecule itself. 
Support for this conclusion came from the observation that pectin (0.0 12 or 0.12%) does not 
appreciably interfere with the effect of ascorbate (either with or without H 202) on the scission of 
xyloglucan or on the oxidation of BzG 3 (Fig. 3). Pectin at 1.2% (w/v) gave a -50% inhibition of BzG 3 
oxidation, but such concentrated pectin probably acted principally to scavenge 0H rather than to 
sequester Cu 2 . The effect of 1.2% pectin on xyloglucan scission could not be assayed viscometrically 
owing to the high viscosity of 1.2% pectin itself. 
In conclusion, pectic polysaccharides do not block (indeed, they somewhat promote) the ability 
Of Cu2  to be reduced and then to generate 0H radicals via the Fenton reaction. Also, pectins do not 
interfere (by scavenging) more than any other carbohydrate at the same concentration in the attack of 
0H on other target molecules present in the same solution. 
Conclusion 
In conclusion, we suggest that a detailed study of the binding sites and roles of copper within the 
primary cell walls of higher plants is required. In particular, the conclusion that wall-bound Cu" is 
likely to act as a site-specific pro-oxidant, leading to the cleavage of near-neighbouring polysaccharide 
chains, suggests that a knowledge of the exact location of bound Cu2 within the cell wall could hold 
valuable clues about the processes of cell expansion, fruit ripening and leaf abscission. 
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Abstract 	Pectic oligosaccharides, produced by microbial enzymes. are well-known oligosaceharins. eliciting defence 
responses in diseased plants. Regulatory roles in non-diseased plants have also been proposed: e.g. oligosaceharides, generated 
in vitro by hydrolysis of pectins, promote ripening in totlialo (Lvropeivicon esculentsoii L.) and other lrLtit. Etttjo-
polygalacwronase (endo-PG; EC 3.2.1.15) occurs in many fruits and theoretically could generate such oligosaccharides. 
However, the mere occurrence of an enzyme does not prove that it acts: the proposed products (oligosaccharidcs) must be sought 
in vivo. Recent evidence indicates that fruit tissues do naturally produce pectic oligosaccharides, sonic of which promote 
ripening when added to unripe fruits. Such studies, complementing earlier work on in-vitro generated oligosaccharides, provide 
U means of discovering novel oligosaccharins. Unlike fruits, cell cultures of rose (Rosa sp.) produce no pectic oligosaccharides. 
Their 'absence' is not due to excessively rapid turnover: when 4C 1-oligogalacturonides are added, they undergo only slow 
hydrolysis. The hydrolysis is by exo-polygalacturonases (exo-PG EC 3.2.1.67), yielding free galacturonic acid (GalA). If no 
oligogalacturonides are added, no GalA accumulates in the medium: therefore, exo-PG does not normally operate in healthy rose 
cells. Exo-PG is presumably in reserve', available to triin oligogalacturomdes made by phytopalhogens. We conclude that the 
in-vivo action ot a wall enzyme is best studied at the level of carbohydrate metabolism in vivo rather than by assay of extracted 
enzymes in vitro. The major uronic acid-containing oligosaccharide produced by rose cell cultures is u-D-mannopyranosyl-
I .-44)-a-D-glucuronopyranosyl-( I —s2)-,nvo-inositol, which maybe a novel phytoglycolipid-derived oligosaccharin related to 
the mositoiphosphoglycans that mediate insulin action. © 2000 Editions scientiLiciues et niédicalcs Elsevier SAS 
Fruit ripening / inositol-oligosaccharides / oligogalacturonides / oligosaccharides I pectins I phytoglycolipids / polyga-
Iactti ronases 
A, dehydroascorbic acid I ACC, l-arninocyclopropane-l-carhoxylic acid / All,, ascorbic acid / AIR, alcohol-insoluble 
residue (rich in cell walls) / CDTA, trans-I,2-diaminocvclohexane-N,N,N',N'-tetraacetic acid / DP, degree of polyiueri-
sation / GalA, D-galacturonic acid I GalA 5 etc., 1)eHta-cL-(l---4)-D-galaCtUrOflide, etc. / G1cA, D-glucuronic acid / 
Ins, ,nyo-inositol I IPG, inositoiphosphoglycan I Man, D-mannose / MGI, t-D-mannopyranosyl-(1—s4)-t-D-
glucuronopyranosyl-( 1—*2)-inyo-inositol / oligo-GaIA, oligo-a-(I.-s4)-D.galacturonidc / PG, polygalacturonase / RG, 
rhamnogalacturonan I Rha, L-rhamnose / XET, xyloglucan endotransglycosylase 
I. INTRODUCTION 
1.1. Naturally occurring oligosaccharins 
Many of the structural polysaccharides of the plant 
cell wall undergo enzymic hydrolysis and/or transgly-
cosylation reactions in vivo, potentially releasing 
soluble oligosaccharides [32]. A sub-class of these 
oligosaccharides, called oligosaccharins. possess 
'hormone-like' activity, and may contribute to the 
natural control of plant metabolism, growth and devel-
opment [1, 26].  An understanding of the production, 
structure and action of oligosacchai'ins would be 
valuable in diverse biological and agricultural endeav-
OLt rs. 
Most oligosaccharins Studied to date have been 
generated artificially by partial acid- or enzyme-
catalyseci hydrolysis of plant cell wall polysaccha-
rides [1, 261,  including pectins [2. 26]. xyloglu-
cans [92, 94] and galactoglucomannans [31, and by 
hydrolysis of fungal polysaccharides [21] and glyco-
proteins 161. Unfortunately, in efforts to produce oh- 
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gosaccharins by such means, the researcher has to 
choose the starting polysaccharide and the enzyme 
source arbitrarily and to presume that only the appro-
priate bonds are cleaved. Relying on partial acid 
hydrolysis is even more arbitrary. Thus, studies of 
oligosaccharides produced in vitro can give at best an 
incomplete picture of the true diversity of natural 
oligosaccharins. . - 
A valuable, but little explored, complementary 
approach is to search in vivo for naturally occurring 
oligosaccharins [38, 59]. Living plant cells can be 
relied on to use the right enzymes and to hydrolyse the 
appropriate bonds, and therefore to produce the full 
range of biologically relevant oligosaccharins, whether 
or not the enzymes involved are known. 
This article reviews knowledge of the in vivo 
production and metabolism of uronic acid-containing 
oligosaccharins, with special emphasis on those which 
originate from pectins and on those involved in the 
regulation of development and metabolism in healthy 
(rather than diseased) plants. 
1.2. Pectins 
To appreciate pectic oligosaccharins, it is necessary 
to understand the polysaccharides from which they 
arise. Pectins are acidic polysaccharides constituting 
(in all land plants other than the grasses and their 
allies) a high proportion of the primary cell wall 
matrix and of the middle lamella. They are character-
ised by a high content of a-D-Ga1A residues. Three 
major domains of pectin are recognised: homogalac-
turonans and rhamnogalacturonans I and II (RG-T and 
-II). 
1.2.1. Homogalacturonan 
Homogalacturonan ('polygalacturonic .acid') is a 
linear polysaccharide of repeating (1—+4)-linked a-D-
GalA residues. The homogalacturonan chain seems to 
consist of blocks of methyl-esterified (neutral) GalA 
residues alternating with blocks of non-esterified 
(negatively charged) GalA residues. The charged 
blocks can be cross-linked by Ca" ions. Some GalA 
residues are also 0-acetylated: this does not affect the 
charge of the molecule, but increases its hydrophobic-
ity. 
	
For analysis, 	homogalacturonans 	can 	be 
de-esterified within the cell wall by treatment with 
mild alkali and then degraded by treatment with fungal 
endo-PG (see below). The homogalacturonan is 
thereby degraded to yield small, water-soluble oh-
gogalacturonides (e.g. DP 2-4) and free GalA; as a 
side-effect of this, 'intact' RG-I and RG-1I are solubi-
lised from the cell wall. It therefore appears likely that 
the three domains of pectin are linked together, possi-
bly as contiguous beads on a string 
( .......= homogalacturonan), e.g.: 
[RG-I] ....... [RG-1i] ....... [ RG-I ] ....... 
[RG-1] .......[RG-I] .......[RG-H] 
1.2.2. Rhamnogalacturonan I 
Rhamnogalacturonan-i (OP 1 000) has as its 
backbone repeat-unit: -cz-D-GalpA-( I. —*2)-ct-L-Rhap- 
As in homogalacturonan, some of the GalA 
residues in RG-I are 0-acetylated [52]. Onto the 
2-position of about half the Rha residues, a neutral 
side-chain is attached. There are many different side-
chains; they are rich in (1-4)-linked 3-D-galactan and 
(1 —5)-linked ct-L-arabinan, the latter being often but 
not always attached via the former: 
...GaIA-Rha-GaIA-Rha-OaIA-Rha-GaIA-Rha-OaIA-Rha-GaIA-RIia-GuIA-Rha-C.aIA 
Galacran 	 Galaciari Arabinan 	 Galacian 
Arahinan 	 Arabinan 
1.2.3. Rhamnogalacturonan If 
Rhamnogalacturonan-11 (OP 60) is an exceed-
ingly complex structure. It has not been reported to 
occur in free form in plants, but has been found in red 
wine [67], suggesting that it can be released by the 
action of yeast enzymes. RG-IT has a backbone rich in 
GalA, to which several different side-chains with 
unusual structures are attached. These, side-chains 
include the following residues: a- and [3-D-GalpA, a-
and (3-L-Rhap, cx-D-Galp, a-L-Fucp, a-L-Arap, 13-L-
Araf, 3-D-Apf, 3-D-GlcpA, KDO, [3-L-AcefA, a-D-
Xylp, and 3-DHA [73]. The Xyl and some of the Fuc 
occur as their 2-0-methyl ether.. A very large number 
of genes must be involved to specify the precise and 
complicated structure of RG-1I, although these genes 
are completely unknown. RU-TI has recently been 
shown to be cross-linked via borate di-ester 
bonds [49]. 
The above account of pectic structures is simplified; 
complex and ill-characterised pectic domains also 
occur. There are also taxonomic differences: for 
example, duckweeds (Lemna sp.) and some other 
aquatics possess apiogalacturonan, which is rich in 
0-GalA, 0-Api and other residues; pectins from mem-
bers of the Chenopodiaceae (spinach, beet, etc.) appear 
to carry esterified ferulic acid residues. It can thus be 
suggested that pectic polysaccharides possess suffi-
cient structural complexity to potentially convey con-
siderable signalling information. 
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Table 1. Major plant enzymes that attack homogalacturonan. [0 = non-esterthed GalA residue; 0 = mcthyl-estcritied GalA residue: 
= bond cut] 
Name used here 	 Alternative name 	 EC number 
Exo-polygalacluronase 	(x-D-Galacturoni(lase 	3.2.1.67 
(exo-PG) 
Endo-polygalacturonase 	Pectinase 	 3.2.1.15 
(endo-PG) 
Pectin methylesterase 	Pectinesterase 	 3.1.1.11 
Action of cni.ynie on homogalacturonan 
0.,L0_0_0_0_0_0_0_0_0_0_0_0_0 —* 
o + 0-0-0-0-0-0-0-0-0-0-0-0-0 
0_0_0_0_0_0_0_0_0 7L0.0_0_0_0 
0-0-0-0-0-0--0-0--0 + 0-0-0-0-0 
0-0-0-0-0-0-0-0-0-0-0-0-0-0 —* 
0-0-0-0-0-0-0-0-0-0-0-0-0-0 
1.3. Pectic enzymes 
The major known plant enzymes that can attack 
honiogalacturonans, and are therefore relevant to our 
consideration of the formation and degradation of 
pectic oligosaccharides in vivo in the healthy plant, are 
shown in table I. Exo-PG and pectin methylesterase 
are probably universal in growing plant tissues: 
eiido-PG activity is largely restricted to specific tis-
sues, e.g. abscission zones, pollen tubes and ripening 
fruit. Endo-PG degrades pure homogalacturonan to a 
homologous series of simple (I —4)-linked oligo-cL-D-
galacturonides (oligo-GalAs). More complex frag-
ments produced by the action of endo-PG on less well 
defined pectic polysaccharides are referred to as pec-
tic oligomers' rather than oligo-GalAs. 
The gradual action of endo-PG on a large homoga-
lacturorian chain yields oligo-GalAs of progressively 
shorter chain length (DP). The limit digestion products 
are usually a mixture of oligo-GalAs, predominantly 
of DP 2-4. The action of exo-PG is to liberate large 
amounts of the monosaccharide. GalA, as the polysac-
charide is gradually shortened, ultimately to an oligo-
GalA of DP = 5 (GalA 5 ) [ 53. 70]. 
In addition, plants possess acetyl and feruloyl 
esterase activities as well as i-D-galactosidase, a-L-
arahinofuranosidase and several other glycosidases 
that could potentially trim specific sugar residues off 
rhamnogalacturonans. Pectate lyase, which cleaves 
pectic polysaccharides by elimination rather than by 
hydrolysis, is well known from micro-organisms: in 
addition, a pectate lyase has recently been found to be 
expressed in cultured mesophyll cells of the plant 
Zinnia elegans [291. Certain other plant cells, includ-
ing pollen tubes, banana fruit and strawberry fruit,  
express genes whose sequences suggest that they may 
also code for pectate lyases, although the enzyme was 
not detectable by lyase activity assays [ 2 8]. 
2. OLIGOSACCHARINS AND CLIMACTERIC 
FRUIT RIPENING 
2.1. Introduction 
Climacteric ripening is characterised by an increase 
in respiration and ethylene biosynthesis prior to 
changes in fruit texture, aroma, flavour and colour 
(table If). These physiological changes that define 
ripening reflect alterations in gene expression and the 
biochemistry of the fruit as it matures. Ripening was 
once considered a passive, degenerative process but 
has now been recognised as a highly ordered sequence 
of active stages in plant development. 
Fruit flesh softens during ripening, sometimes to the 
point of liquefaction [23, 471. The softening process is 
brought about by degradation of fruit cell walls and/or 
the middle lamella: constituent polysaccharides are 
solubilised and depolymerised — at least partly by 
hydrolytic enzymes that are expressed during ripening. 
The possible presence of oligosaccharides released via 
the degradation of polysaccharides has been investi-
gated, as have biological effects that these molecules 
may exert on the ripening process. 
2.2. Ripening in climacteric fruit 
Fruit ripening is one of the final stages of ontology 
in angiosperms and is a mechanism evolved to facili-
tate seed dispersal. Ripening aids dispersal by increas- 
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'fable 11. Summary of main stages in tomato fruit development. 
Stage of ripeness 	Appearance 	 Biochemical features 
Immature green (IMG) - Cell division in locate and pericarp has ceased; cell 
expansion continues 
- Entire fruit green 
- Locular tissue still firm 
Mature green (MG) 	- Locular tissue has formed a solid gel, which dues not 
fuse with pericarp 
- Entire fruit still essentially green but late MG fruit may 
show some colour change in the locale 
Breaker 	 - Chlorophyll being degraded; carotenoid synthesis 
increases, beginning at distal end of pericarp 
Turning 	 - Orange colour spreads towards proximal end of fruit 
- Fruit starts to soften noticeably 
Orange 	 - Whole fruit now orange 
- Tissue continues to soften 
Red-ripe 	 —Pigmentation has intensified to produce red fruit 
- Fruit now soft  
- Background levels of ethylene production 
- Locular pectins release some neutral sugar residues 
- Locular xylogluean is partially depolymerised 
- At late MG stage ACC synthase and ethylene biosynthesis 
increase in locate, colurnella and radial periearp. 
Concurrent increase in respiration 
- Ethylene biosynthesis and respiration increase in periearp 
- Pectin methylesterase, endo-PG and XET present in 
pericarp 
- lJronic 	acid 	de-esterifieation, 	solubilisation 	and 
depolymerisation begin 
- Hydrolysis of starch increases 
- Release of galactose from pericarp 
- ACC synthase in locule starts to decrease 
- Volatile aromatic synthesis initiated 
- Increased arabinose released from periearp 
- Maximum endo-PG production 
- Decrease in ethylene biosynthesis, respiration and protein 
synthesis 
ing the appeal of fruits to animals through changes in 
colour, texture, flavour and aroma. In climacteric fruit, 
these changes are preceded by, and are thought to be 
co-ordinated by, an auto-catalytic increase in ethylene 
production. This mode of ethylene biosynthesis, under 
positive feedback control, is referred to as 'system II'; 
this is in contrast to 'system I', the ethylene production 
system common to both climacteric and non-
climacteric fruits [60]. Ripening precedes senescence 
of the fruit tissue but differentiation between the two 
processes is subjective. Ripening certainly increases 
the chance of injury to fruit tissue as it softens, and 
injured tissue is much more susceptible to microbial 
infection and dehydration [10]. Whether this makes 
ripening part of the senescence process leading to 
programmed cell death is a matter of debate. 
Until, relatively recently ripening was thought of as 
a catabolic process causing the breakdown of cellular 
compartmentalisation and thus passively affecting the 
internal organisation of the fruit tissue. This theory of 
'organisational resistance' loss is supported by evi-
dence that cell membrane permeability [11] or K 
efflux [91.] are altered during ripening. Although this 
work is still valid, biochemical and molecular biologi-
cal work over the last 20 years has shown that the  
ripening process is also a genetically controlled event, 
with the accumulation of specific mRNAs and proteins 
prior to ripening [30]. This has led to fruit ripening 
being recognised as an active, complex_ biochemical 
and developmental process which is tightly regulated. 
As fruit ripening is a process that varies from species 
to species, the occurrence of specific oligosaccharides 
and their roles both temporally and spatially during 
ripening have the potential to be highly complex. 
2.3. Enzymic degradation of polysaccharides 
during fruit ripening 
The type of oligosaccharides produced during fruit 
ripening depends on a number of factors, including the 
types of polysaccharides present in the cell wall, the 
mechanisms used to degrade them and the timing of 
such degradation during the ripening' process 
(table II). The composition of a fruit cell wall is 
broadly typical of many other primary cell walls, with 
perhaps a slightly higher pectin content [30, 31, 41]. 
However, the plethora of hydrolytic enzymes present 
in different fruits during ripening may degrade differ-
ent polysaccharides at different stages of ripening and 
may be expressed in different tissues. 
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Figure 1. The ripe tomato fruit. The sketches show it fruit cut ill half longitudinally (left) or equatori ally (right). 
For example, in tomato fruit (Lvcopersicon esculen-
fit/n). liquefaction of the locule (figure 1) occurs, prior 
to ripening, in the pre-climacteric fruit [14]. As lique-
faction occurs the depolymerisation of xyloglucan by 
3-0 —>4)-D-glucanases and the consequent production 
of oligosaccharidcs take place [56]. However, there is 
no pectin methylesterase or endo-PG activity in the 
locule and little pectic depolymerisation. In contrast to 
the locule, the predominant hydrolytic enzyme in the 
pericarp (figure  1) of tomato is endo-PG, which is 
produced only after the climacteric increase in ethyl-
ene has been in progress for about 24 h [40]. 
Endo-PG is thought to degrade pectins in the cell 
wall and middle larnetla, causing both the softening of 
the fi-uit and, concurrently, the production of pectic 
oligomers. Such oligosaccharides exert numerous bio-
logical effects on diverse plant tissues. e.g. elicitation 
of defence-related processes (biosynthesis of phytoal-
exins. lignin, extensin, proteinase inhibitors, etc.), 
inhibition of growth. modulation of trans-menibrane 
ion flux, and promotion of ethylene synthesis [I, 26]. 
Ethylene synthesis may play an important part in 
co-ordinating plant defence responses to mechanical 
wounding and pathogenic invasion [64. 931 it may 
also play a role in co-ordinating the ripening process in 
fruits and has therefore attracted a great deal of 
interest. 
The xyloglucan in the pericarp tissue also undergoes 
partial depolymerisation from the breaker stage 
(table 1) ripening onwards [46]. and xyloglucan oh-
gosaccharicles promote ethylene biosynthesis in per-
silflmOfl fruit 1251. It is not thought that the degree of 
polymerisation of xyloglucan influences tomato fruit  
tissue lexture greatly until the over-ripe stage [85]. 
However, in some other fruits such as avocado (Persect 
americana) the action of 13-( I —4)-D-gIucanase seems 
to be predominant in causing softening throughout the 
fruit [65]. 
2.4. Non-enzymic degradation of polysaccharides 
during fruit ripening? 
Recently, a non-enzymic mechanism of polysaccha-
ride depolymerisation has been suggested 1331. Non-
cnzymic, oxidative scission of polysaccharides (pee-
tins, xyloglucans and many others) in vivo is readily 
evoked, at physiological temperatures and pH values, 
by the hydroxyl radical (01 -I). This exceedingly active 
oxygen species can he produced in a Fenton reaction 
involving Cu and H,02 [43] - which can themselves 
be produced from Cu 2 and 0, respectively, through 
non-enzymic reduction by ascorhate (AH-,): 
02 + Al-I, - H 2 O, + A 
2 Cu 2 ' + AH, 2 Cu + A + 2 H 
Cu' + H 20, -  Cu 21 + OH + 0H 	( Fenton reaction 
The occurrence of a Fenton-type reaction in vivo 
depends on the presence of a suitable transition metal. 
Cu being 60x more effective than Fe [43]. Of forty 
non-leguminous fruits surveyed [66], all contained 
enough Cu and Fe to make Fenton reactions seem 
feasible (table III). Since the ascorbate level in most 
fruits is also quite high, the potential for Fenton 
reactions taking place in fruit and causing polysaccha-
ride scission is being investigated in our laboratory. 
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Table H!. Transition metal content of fruit tissues. The statistics are 
from analyses of the forty fruit species (excluding legumes and 
cereals) reported by Paul and Southgate [661, (n = 40). 
Metal 	 Metal content of edible part of fruit 
(mg-kg' dry weight) 
Mean ± SD 	Median 	Lowest 	Highest 
Cu 	7.9 ± 4.6 	7 (blackberry) 	3 (apple) 25 (cucumber) 
Fe 41 ± 25 30 (gooseberry) 12 (pear) 107 (mulberry) 
If non-enzymic scission leads to the production of 
oligosaccharides, this would revise ideas on how 
oiigosaccharins may be produced. Non-enzymic scis-
sion of fruit cell wall polysaccharides may lead to the 
presence of novel oligosaccharins with structures 
unrelated to those fragments produced by known 
hydrolytic enzymes. 
25. Oligosaceharins induce ethylene biosynthesis 
in cultured pear cells 
Oligosaccharins prepared from pear cell walls can 
induce ethylene biosynthesis when added to pear cell 
cultures. The putative presence of pectic oligomers 
during ripening has promoted investigation into the 
action of such oligomers on ethylene production. In 
preliminary work [90], cell walls from pear (Pyrus 
communis) cell cultures or pear fruit were digested 
with the enzyme mixture 'Macerase' (containing 
endo-PG). When the resulting oligosaccharides were 
added to a pear cell culture they caused an increase in 
ethylene production beginning within I. h and peaking 
at 2 h; production then declined to levels similar to 
those seen in a pear culture treated with active Mac-
erase directly. Ethylene production in cell cultures 
treated directly with Macerase was greater than in 
controls treated with boiled Macerase, but the peak of 
ethylene production was much smaller than that seen 
in cultures treated with the oligosaccharides. 
Macerase-induced ethylene production was probably 
due to oligosaccharide production from the walls of 
the living cells. 
Macerase is a mixture of enzymes, including but not 
limited to endo-PGs; therefore, non-pectic oligosac-
charides may have been released from the treated cell 
walls and. also influenced ethylene production. In 
addition, since whole cell walls, rather than purified 
homogalacturonans, were used as substrates, pectic 
oligosaccharides other than simple oligo-QalAs may 
have been the biologically active principle in this 
work [90]. However, Campbell and Labavitch [17] 
showed that oligomers prepared from citrus pectin by  
partial acid hydrolysis, rather than by enzymic diges-
tion, also induced transient ethylene biosynthesis in 
pear cell cultures. 
2.6. Pear cells become refractory to repeated 
doses of oligo-GalAs 
Rates of ethylene biosynthesis induced in pear cell 
cultures by acid-generated pectic oligomers peaked 
after about 90 min and then returned to near-basal 
levels [17]. A second treatment with the pectic oligo-
mers added 1 It after the first treatment induced a 
second, similar burst of ethylene production. In con-
trast, when the second treatment was applied 2 It after 
the first, the second burst was smaller, indicating that 
the cells were becoming less responsive to pectic 
oligomers. The degree of insensitivity to the second 
dose appeared to be proportional to the oligomer 
concentration of the first dose. If pear fruit cells 
respond in a manner similar to the cell cultures, this 
could be a mechanism to control levels of ethylene 
biosynthesis during fruit ripening. 
2.7. Pectic oligomers induce ethylene synthesis 
in orange fruit 
Cell cultures do not necessarily respond to oligosac-
charides in the same way as fruits. However, several 
studies have shown that pectic oligomers do induce 
ethylene synthesis in fruits. For example, when 'Pec-
tolyase' (a fungal enzyme mixture containing endo-PO 
and xylanase) was injected into the albedo (white pith) 
of an orange fruit (Citrus sinensis), a transient increase 
in ACC and ethylene biosynthesis occurred [4]. Boiled 
Pectolyase did not have this effect. Since the response 
was transient and since the orange is non-climacteric, 
the increase in ethylene biosynthesis was probably part 
of a defence response. it is not certain whether 
ethylene biosynthesis was due to oligomers produced 
by the action of endo-PG, xylanase or both. However, 
acid- or Pectolyase-generated oligomers of orange 
pectin had an effect similar to that of Pectolyase, 
suggesting that at least part of the Pectolyase effect 
was due to pectic oligomers generated by the enzyme 
in the live fruit. 
2.8. Pectic oligomers induce ethylene synthesis 
in tomato: influence of DP 
Baldwin and Biggs [4] noted that too much or too 
little digestion of orange fruit pectin with Pectolyase 
produced oligosaccharides with reduced ethylene-
inducing activity, suggesting that the DP of the oligo-
mers critically determines biological activity in the 
induction of wound ethylene. 
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Oligo-GalAs administered to tomato leaves via the 
transpiration stream induced a transient increase in 
ACC oxidase ( 'ethylene thrniiiig enzyme') and ethyl-
ene production [80]. Of the oligo-GalAs tested (DP 
2-15), only those of DP 4-6 were effective. Therefore, 
oligo-GalAs of different lengths could have specific 
ethylene-inducing roles in different plant tissues. 
When whole prc-cliniacteric tomato fruit were 
vacuum-infiltrated with oligosaccharides previously 
released from the enzymically active cell walls of ripe 
tomato fruit, oligosaccharins were able to promote 
long-term, presumably climacteric, ethylene produc-
tion 1151. The oligosaccharides responsible were of a 
specific size: only those of DP ~! 8 possessed biologi-
cal activity when assayed at 6 tg per fruit. 
Acid-generated oligomers of citrus pectin induced 
climacteric ethylene biosynthesis and reddening in 
pre-climacteric tomato Fruit disks [181. The oligosac-
charide mixture used probably consisted mainly of 
oligo-GalAs. The reddening responses were similar for 
oligoiner mixtures with DPs predominantly in the 
range of either 7-9 or 10-12. This contrasts with the 
situation in pear cell cultures treated with the same 
type of oligomers, where the 'DP 7-9' oligorners were 
more effective than the larger ones [17]. However, low 
concentrations of larger or smaller oligomcrs present 
in the mixtures may have had a disproportionate role 
in the biological activity: some oligosaccharins exert 
their effects L it very low concentrations [1]. 
The size of pectic oligomers produced during fruit 
ripening may change during maturation. Exo-PG, 
which is active at all stages of tomato fruit develop-
ment [70], could have a role in tailoring the size of 
hectic oligomers, thus altering their ability to induce 
ethylene production in fruit. The product of exo-PG. 
monomeric GalA, does not itself affect ethylene bio-
synthesis [17]. 
2.9. The role of neutral side-chains in uronic 
acid-containing oligosaccharins 
The presence of neutral side-chains on uronic acid-
containing oligomers may be important in conferring 
biological activity. Structure-activity relationships can 
be assessed through studies of the close required for a 
biological effect. The oligorners likely to be most 
active are those produced naturally in fruits. Unfortu-
nately, few studies have investigated the natural occur -
rence of oligosaccharides. Huber and O'Donoghue 
[48] failed to detect pectic oligosaccharides in extracts 
made from isolated cell walls of ripening tomato fruit. 
Melotto et al. [61] prepared an alcohol-insoluble resi-
due (AIR) from breaker stage tomato fruit and found  
that pectic oligomers could be dissolved from the AIR 
with cold water and re-precipitated with 80 % ethanol. 
These otigomers were rich in both GalA (-60 %) and 
neutral sugar residues (-40 %: composition Gal > 
Rha =Glc > Ara = Man > Xyl): homo-oligo-GalAs 
were reported to he negligible. Both these studies 
made the assumption that pectic oligosaccharides 
would all remain with the cell walls during washing in 
aqueous ethanol. We have found that homo-oligo-
GalAs of DP 2-6 are extractable from fresh ripe 
tomato fruit pericarp when homogenised directly in 
15 % formic acid to inactivate enzymes (J.C. Dumville 
and S.C. Fry unpubl. results), Our protocol avoided 
pre-extraction in ethanol, a treatment that could have 
resulted in the loss of some oligosaccharides. It there-
fore appeals that both simple homo-oligo-GalAs and 
pectic oligomers containing neutral sugar residues are 
produced naturally in tomato fruit. 
The acid-generated oligomers of citrus pectin used 
by Campbell and Labavitch [18] on pre-cliniacteric 
tomato fruit disks were maximally effective at -300 tg 
GalA equivalents per g fresh weight. This oligosac-
charide mixture probably consisted mainly of oligo-
GalAs. 
The ethanol-insoluble, water-soluble oh igomers 
extracted from tomato fruit [61] induced short-term 
ethylene biosynthesis in pre-climacteric tomato fruit 
disks. The optimum dose was -3 i.g GalA equivalents 
per g fresh weight, suggesting that the neutral residues 
conferred stronger activity than that of oligo-GalAs. 
The oligosaccharides released by autolysis of cell 
walls of ripe tomato fruit [15] induced maximum 
long-term ethylene synthesis when applied at 0.2 cg 
GalA equivalents-g' fresh weight. Comparison of the 
above three studies indicates that complex pectic 
oligomers are more effective than simple oligo-GalAs. 
Pectic oligomers prepared by endo-PG treatment of 
cell walls from pre-climacteric tomato fruit did not 
stimulate long-term ethylene synthesis in pre-
climacteric tomatoes [IS]. This observation, and the 
finding that endo-PG is not appreciably expressed until 
after the climacteric increase in ethylene biosynthe-
sis [40], suggests that pectic oligomers do not have a 
role in initiating climacteric ethylene iroduction. 
Tong and Gross [89] isolated Na-,CO-soluble 'pee-
tic material' that induced long-term ethylene biosyn-
thesis when applied to pre-climacteric tomato fruit. 
The activity of the extract was greater when isolated 
from mature green tomato fruit than when isolated 
from turning or red-ripe fruit. However, subsequent 
work suggested that the ethylene-inducing activity 
could have been due to the presence of a contaminat- 
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ing CDTA complex [69]. On fractionation by anion-
exchange chromatography, most of the activity was in 
the neutral fraction [89]: this is unexpected whether 
the active principle was pectic or CDTA-related, and 
the results are therefore difficult to interpret. 
Pectic oligomers isolated from breaker tomato pen-
carp AIR contained 40 % neutral sugar residues [61]; 
very small amounts of homo-oligo-GalAs were 
present. When pectins were extracted from pre-
climacteric tomato fruit AIR using CDTA and Na 2CO 2 
and then treated with endo-PO I (= endo-PG with an 
attached subunit that is thought to be important in 
localising the enzyme during ripening [511), only the 
Na2CO3 -extractable material gave biologically active 
oligomers. These oligomers induced ethylene produc-
tion in pre-climacteric tomato fruit disks. Melotto et 
al. [61] recognise that if these oligomers have a role in 
initiating ethylene biosynthesis then it cannot be P01 
that is responsible for their production. 
It may be that modifications to cell wall pectin 
occurring during fruit development, such as the 
removal of neutral side-chains or of methyl ester 
groups, may be important in allowing oligosaccharide 
production by endo-PG. It could also be that changes 
to pectin during fruit development are important in 
conferring the structural specificity of oligosaccharins 
as well as changing the sizes of oligomers produced. 
2.10. Effect of endogenous pectic oligomers 
on cells' sensitivity to ethylene 
Pectic oligomers released from tomato exocarp may 
accelerate ripening in the endocarp by increasing the 
cells' sensitivity to ethylene. Tomato fruit reddening 
starts in the locule and then appears at the distal end of 
the pericarp (figure 1). It then moves through the 
pericarp towards the proximal end of the fruit, with the 
colour front in the exocarp leading that in the 
endocarp [39]. When climacteric ethylene production 
begins, the gas is likely to diffuse throughout the fruit, 
and unlikely to impose the circular pattern of redden-
ing described above. Rather, this pattern of reddening 
may be brought about by the different fruit tissues 
having changing sensitivities to ethylene and so red-
dening at different times. Endo-PG activity follows a 
similar circular pattern during ripening and has been 
shown to appear in the exocarp before the 
endocarp [88]. 
Acid-generated oligomers from citrus pectin pro-
moted ethylene biosynthesis and reddening when 
added to pre-climacteric tomato pericarp disks [18]. 
However, the acceleration of reddening in the exocarp 
appeared to occur by a mechanism different from that  
in the endocarp. In the exocarp, the oligomers 
appeared to increase ethylene biosynthesis, which was 
then the factor initiating reddening. In the endocarp, in 
contrast, the oligomers appeared to be acting directly 
on the tissue to accelerate ripening, as this acceleration 
could not be mimicked by ACC until the tissue was 
more mature. If the cells in exocarp have a higher 
sensitivity to ethylene than those in the endocarp, they 
will start to redden sooner. The earlier presence of 
endo-PG in exocarp tissue may allow depolymerisa-
tion of the middle lamella and cell walls of this tissue; 
pectic oligomers that are produced may increase the 
sensitivity of endocarp cells to ethylene and induce 
them to start reddening. 
2.11. Free galactose induces ethylene biosynthesis 
in mature green tomato fruit 
During tomato fruit ripening, there is a loss of 
neutral sugar residues, primarily galactose and arabi-
nose, from the cell wall, suggesting the in-vivo action 
of (3-galactosidase [42]. Levels of free galactose rise 
from 30 igg' fresh weight in mature green fruit 
pericarp to 200 igg in ripe pericarp. Galactose and 
other neutral sugar residues are also lost from the 
locule polysaccharides during liquefaction and ripen-
ing [24]. The release of neutral sugars from polysac-
charides may not be ripening-specific because in 
non-ripening mutants such as nfl and nor a 20 % 
reduction in polysaccharide-bound galactose still 
occurs at the normal time [41]. 
Loss of galactose residues from the cell wall during 
ripening has been proposed to cause pectin solubilisa-
tion and therefore fruit softening [27]. This hypothesis 
was based on the observation that prolonged digestion 
of tomato pectin by avocado 3-galactosidase in vivo, 
which released <0.2 % of the weight of the pectin as 
free galactose, apparently changed the pectin's rheo-
logical properties such that it could then pass through 
specific filters. The authors suggest that the limited 
de-galactosylation (<2 % of the galactose residues 
were removed) which occurred was sufficient to pre-
vent the pectin molecules aggregating. However, gel-
permeation chromatography of the 'solubilised' pectin 
which passed through the filters indicated an inexpli-
cably high content of material that co-eluted with 
monosaccharides, making interpretation of the results 
debatable. It is also very difficult to exclude the 
possibility that an undetected endo-hydrolase activity 
was present in the 'purified' (3-galactosidase prepara-
tion. Furthermore, inhibition of galactose loss during 
kiwifruit (Actinidia deliciosa) ripening did not prevent 
subsequent softening [75]. 
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The presence of free galactose appears to be impor -
tant in allowing oligosaccharides derived from 
N-linked glycoproteins to accelerate ripening 1711. 
Free galactose stimulates ethylene biosynthesis in 
mature green tomato fruit [501. Free galacturonic acid, 
galactitol and mnannose were also effective. However, 
galactose was consistently effective only at closes 
above 400 pg galactoseg fresh weight: such high 
concentrations may not be present naturally, depend-
ing on the LI n i formi ty of distribution. 
-Galactosidase II is detected in mature green 
tomato perlcarp and reaches a maximum concentration 
in red-ripe fruit 1841. Exogenous ethylene caused large 
increases in extractable [-galactosidase II activity, 
suggesting that synthesis or activation of the enzyme, 
and therefore galactose production, may be ethylene-
dependent. However, the l)rOdLIctiOIi of neutral sugars 
in the locule normally takes place before the climac-
teric rise in ethylene production, so cause—effect rela-
tionships between ethylene and galactose are unclear. 
3. URONIC ACID-CONTAINING 
OLIGOSACCHARIDES IN HEALTHY CELL 
CULTURES 
3.1. In-vivo oligosaccharide metabolism in plant 
cell-suspension cultures 
The foregoing sections mention naturally occurring 
pectic oligosaccharins in fruits. In addition, certain 
extraprotoplasmic oli gosaccharins have been detected 
at biologically relevant concentrations in the spent 
media of plant cell cultures, e.g. a xyloglucan-derived 
oligosaccharin in spinach cultures [59].  pectic oh-
gosaccharins in some cultures 1871 but not in oth-
ers [381, xylomannoside oligosaccharins apparently 
arising by glycoprotein hydrolysis in Silene CLII-
Lures [7 I 72], unidentified putative ohigosaccharins in 
carrot and tobacco cultures 79] and a possible oIl-
gosaccharin in Zinnia mesophyll cultures [ 76]. 
Cell cultures are good model systems for the study 
Of naturally occurring oligosaccharins for two princi-
pal reasons. (a) Cell cultures are ideal subjects for 
in-vivo radiolabelling techniques, which are exceed-
ingly sensitive [3 I] and can thus enable detection of 
trace quantities of ohigosaccharides. Exogenous oh-
gosaccharins often exert their greatest biological 
effects when applied at low concentrations, e.g. 
10-v M [1, 26].  indicating that they are likely to be 
present in the apoplast in vivo at similarly low 
concentrations. (b) In cell cultui-es, extraprotoplasmic 
oligosaccharides are likely to accumulate to higher 
Table R Use of speci lie and non-specific in-v ivo radiolahel line 10 
aid in the detection of flaltirally occurring oligosaceharins. 
Precursor fed to cells 
	
Sugar residue(s) labelled 	Ref. 
Specific radiotabelling 
I - II -Arabinose l..-Ara. I)-Xyl 1351 
L-I I-I-I -Fucose L-Fuc [ 77 1 
0 - 12- 'l-II-Mannose D-Man. F-Gal, L-Ric 7] 
D-[6 - Cl-Glucu1_011ic acid D-GIcA. D-GaIA 1161 
Non-specific radiolahelling 
D_[U_HC]_Gl ucuse All sugar residues 1311 
steady-state amounts (per cell) than in intact plant 
organs. This is because any extraprotoplasmic oh-
gosaccharides are rapidly diluted into a large volume 
of culture medium and thus spend much of their time 
physically removed from the cell wall where most of 
the hydrolytic enzymes are located that would degrade 
the oligosaccharides. In addition, it is possible that the 
lower steady-state concentration in the culture medium 
than in the apoplast of an intact plant organ would 
activate a homeostatic mechanism tending to increase 
the amount of oligosaccharide produced per cell. 
Specific radiolabelling, involving the feeding to 
living plant cells of a labelled precursor with a 
restricted metabolic fate (table IV), enables the 
researcher to detect oligosacchiarides containing one Of 
a few biosynthetically related sugar residues [31]. 
Traces of such specifically radiolahelled oligosaccha-
riches can then he detected in the presence of a large 
excess of other oligosaccharidcs containing different 
sugar residues e. 10. glucose. Non-specific radiolabel-
ling, in contrast, enables a broad-brush analysis 
capable of revealing any oligosaccharide, whatever its 
monosaccharide composition (table IV). 
Considerable structural information (e.g. sugar resi-
due composition, anomeric configuration, charge, M r , 
etc.) can be deduced from the radiolabelled ohi gosac-
charide' s chromatographic and electrophoretic proper -
ties and from its susceptibility to chemical and 
enzymic 'dissection' [311. The radiolabelled oligo-
saccharide can also profitably be used as an internal 
marker to assist in the subsequent bulk purification of 
the oligosacchariche from a non-radioactive source so 
as to enable detailed structural characterisation, e.g. by 
NMR and mass spectrometry. 
3.2. Healthy rose cell cultures do not accumulate 
oligogalacturonides 
Healthy fruits, healthy abscission zones, and fungal 
and bacterial phytopathogens all produce endo- PG 
activities. These enzymes act on pectins in vivo to 
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generate biologically active oligo-GalAs; it therefore 
seems very likely that they also act on wall-bound 
pectic polysaccharides in vivo to yield similar prod-
ucts. However, only in healthy ripening fruits is there 
strong direct evidence for the production of oligoga-
lacturonides in vivo (see above). Since application of 
oligo-GalAs to growing tissues has effects on diverse 
processes, such as cell expansion [1.2], ion trans-
port [5] and morphogenesis [57], that have no obvious 
role in pathogen resistance, it was of interest to 
investigate whether oligogalacturonides might also be 
formed in vivo in healthy, growing, non-fruit tissues. 
In one set of non-specific radiolabelling experi-
ments designed to test for oligogalacturonide produc-
tion in vivo, healthy cell cultures of 'Paul's Scarlet' 
rose (Rosa sp.) were fed D-[U-' 4C]-glucose for 
2-6 it [38]. This is expected to radiolabel all organic 
metabolites; the spent culture medium was then analy-
sed for acidic radioactive solutes by anion-exchange 
chromatography. The cultures accumulated soluble 
extracellular acidic ' 4C-polymers (probably pectins 
and arabinogalactan-proteins; composed predomi-
nantly of Gal, Ara, Rha and uronic acid residues) and 
small amounts of an unusual acidic oligosaccharide 
(discussed later). No compounds with the chromato-
graphic and electrophoretic properties of simple oligo-
[ 14C]-GalAs (DP 2-12), or of [' 4C]-GaIA itself, accu-
mulated in the medium during the 6-d labelling 
period [38]. 
An upper limit for the concentration of oligo-Ga]As 
present in the medium was estimated: since the rose 
cells derived all their carbon from exogenous 
glucose, it can be assumed that all organic metabolites 
would, within 2-6 d (a few cell cycles) approach the 
same specific radioactivity (expressed per mole of 
carbon) as the [ 4C]-glucose supplied (1.8 GBqmot 
carbon). With this information, and knowledge of the 
sensitivity of the methodology for detection of ' 4C, the 
'absence' of extracellular oligo-[' 4C]-GalAs can be 
quantified by stating that the upper limit was 
!~ 50 tgL [38]. This corresponds to ! ~ 25 nM in the 
case of GalA l2 , which is the most active oligo-GalA in 
many bioassays. This ceiling concentration is well 
below the values (0.5-100 RM) necessary for óligoga-
lacturonides to evoke known biological responses [IS, 
62, 78]. It can therefore be concluded that healthy 
(uninfected) rose cells do not accumulate oligo-GalAs 
to biologically active concentrations. 
This finding contrasts with that of Tani et al. [87], 
who showed that oligo-GalAs of average DP-18 
accumulated in the medium of Lithosperinum cell 
cultures. These oligo-GalAs were. biologically active  
on the cells, inducing shikonin biosynthesis. The 
minimum concentration of exogenous oligo-GalAs 
required for such activity was 30 mg - L- ' (i.e. 
-10 RM), but there was no evidence that endogenous 
oligo-GalAs accumulated to such a high concentra-
tion [87]. Thus, natural accumulation of biologically 
active concentrations of oligo-GalAs in cell cultures 
has not yet been demonstrated in either Lithospermum 
or Rosa sp. 
3.3. Role of exo-polygalacturonase 
Any extracellular oligogalacturonides would be 
gradually degraded by exo-polygalacturonase. 
Although oligo-GalAs do not accumulate to measur-
able concentrations, they might be continually synthe-
sised and degraded so that they never become detect-
able. To test this proposal, it was necessary to study the 
fate of exogenous oligo-[' 4C]-GalAs in cultured rose 
cells. [' 4C]-GaIA 5 and [' 4C]-GaIA 9 were (separately) 
fed to cultured rose cells at a concentration of - I iM, 
and samples were re-analysed after 4-28 h [37]. Both 
oligo-GalAs were gradually degraded. After 28 h, 
-80 % of the starting material had been degraded to 
smaller products. Biological half-lives can be reck-
oned on either of two bases: in terms of conversion to 
any products smaller than the starting material, GalA 8 
had a half-life of -2 h; in terms of conversion to 
products of DP 1-5 (i.e. to products lacking biological 
activity in most bioassays), GalA 8 had a half-life of 
-8 h. Thus, any endogenous oligo-GalAs would have 
exhibited a relatively gradual decay to biologically 
inactive products. The apparent absence of endog-
enous oligo-GalAs was thus not due to their exces-
sively rapid turnover. 
The major end-products of [' 4C]-GalA8...9 degrada-
tion were the monosaccharide ([' 4C]-GaIA) and 
medium-length oligo-GalAs (DP down to about 5), 
which remained in the culture medium [37]. This 
pattern of degradation indicates attack by exo-PG 
(table!) [53]. In the rose cultures fed [' 4C]-
glucose [38], the absence of free [' 4C]-GaIA and of 
[' 4C]-GalA5 thus confirms that biologically active 
oligo-GalAs (e.g. DP 8-9) were not produced by the 
healthy rose cells in doses sufficient for any known 
signalling role. 
3.4. Neither type of polygalacturonase acts 
in healthy cells in vivo 
Neither endo- nor exo-polygalacturonases act on 
any endogenous substrate in vivo in healthy rose cell 
cultures. The observations summarised in the previous 
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section lead to a further conclusion: the absence of free 
GalA and of Ga1A 5 in the spent medium of rose cell 
cultures [38] also indicates that, although present in 
the apoplast, exo-PG was unable to act on any endog-
enous extraprotoplasmic substrate. This conclusion, 
based on in vivo studies of the metabolism of endog-
enous carbohydrates, contradicts the opinion of Konno 
et al. [53] that exo-PG degrades pectic polysaccharides 
in vivo. The latter authors relied on assays involving 
solubilised substrates and enzymes extracted from the 
cells: their approach does not take into account the 
critical question of whether the enzyme and the 
substrate were spatially capable of interacting with 
each other in vivo. The mere presence of an enzyme in 
the cell wall does not prove that it acts there: the 
non-reducing termini of pectic chains may he chemi-
cally protected, for example by 0-acetyl groups, or 
kept physically separate from the enzyme. 
3.5. Conflicting roles of exo-polygalacturonase 
and endo-PG inhibiting protein 
From the work described above, it seems likely that 
exo-PG possesses no significant biological role in 
healthy growing plant cells but only begins to act 
when oligo-GalAs appear in the apoplast - such an 
occasion would be during fungal or bacterial infection. 
Oligo-GalAs, generated by microbial endo-PG, can 
elicit defence responses such as phytoalexin, lignin 
and extensin biosynthesis: the plant's exo-PG activity 
would ensure that these elicitors did not persist indefi-
nitely but were gradually degraded to smaller, elicitor-
inactive products. This woLild he biologically advan-
tageous because the disappearance of the oligo-GalAs 
would indicate to the plant that the potential pathogen 
had been defeated, whereupon the continued synthesis 
of defence products would be wasteful of resources 
and detrimental to further growth and development of 
the plant [37]. 
Cervone et al. [21, 22] have characterised the action 
of an endo-PG inhibiting protein found in bean leaves. 
This protein partially inhibits the action of fungal (hut 
not bacterial or tomato) endo-PGs. The kinetics of 
action of 25 I'M endo-PG (fungal) in the presence of 
250 fM PGIP resembled that of 0.25 fM endo-PG in 
the absence of PGIP [21]. This was interpreted by 
Cervone et al. as a mechanism for delaying the 
degradation of fungal-generated, elicitor-active oligo-
GalAs, thus prolonging their effectiveness. 
The existence of such a 'delaying' mechanism is 
difficult to reconcile with the high activity in plant 
tissues of exo-PG, which accelerates the degradation 
of elicitor-active oligo-GalAs. Clearly, there is scope  
here for the existence of a subtle signalling system 
with multiple control points. 
3.6. Oligogalacturonides are not subject 
to transglycosylation in 'vivo 
Exogenous ol igogalacturonides do not undergo 
trans glycosylatioil in healthy cultured rose cells. A full 
understanding of the fate in vivo and the mode of 
biological action of oligo-GalAs should consider not 
only their hydrolysis but also their possible transgly-
cosylation. Numerous studies on xyloglucan have 
shown that xyloglucan endotransglycosylase (XET) is 
a widespread wall enzyme that can sequester biologi-
cally active oligosaccharides such as a fucosylated 
nonasaccharide [8 I and can lead to a promotion of 
polysaccharide degradation and hence wall loosen-
ing [35, 58]. 
To search for evidence for oligo-GalA transglyco-
sylation. GarcIa-Romera and Fry [36] prepared vari-
ous 3-component mixtures containing (a) a potential 
enzyme source (culture filtrates and cell wall extracts 
of Acer and Rosa cell-suspension cultures: extracts of 
ripening tomato, apple, banana, strawberry, peach, 
avocado and orange fruits); (b) an oligo - [' 4C] -GaIA 
(DP 2-12); (c) a potential non-radioactive substrate 
(homogalacturonan, citrus pectin (crude or treated 
with pectin methylesterase). RG-11, soluble extracellu-
lar polysaccharides from Rosa culture filtrates, or 
polysaccharides soluhilised by autoclaving Rosa cell 
walls). In this assay system. both endo-and exo-
transglycosylation would be detectable whether the 
oligo-GalA acted as the donor or the acceptor sub-
strate. 
Transglycosylation shows up as the formation of 
radiolabelled products of higher DP (=lower RF  on 
paper chromatography) than the ol igo- [' 4C] -GalA 
used in the substrate mixture. Only if the enzyme 
requires both the donor and the acceptor substrate to 
be polymeric (DP> 12) woLild transglycosylation have 
escaped attention. However, no higher DP ' 4C-
products were detected in any of these experiments, 
indicating the absence of transglycosylation with 
oligo-GalAs 1361. 
It is possible that a transglycosylase and/or its 
polymeric substrate would not he extractable from the 
cell walls. Therefore, additional experiments were 
conducted in which radiolabelled oligo-GalAs were 
fed to cultured rose cells in vivo and the formation of 
polymeric (or insoluble) radioactive products was 
sought. The exogenous radiolabelled oligo-GalAs 
would freely permeate the cell wall and come into 
contact with any apoplastic transglycosylase. Again, 
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however, there was no evidence for transglycosylation. 
It may be concluded that healthy cultured plant cells 
do not have any pectic transglycosylase activity 
capable of using oli.go-GalAs as either donor or 
acceptor substrate. Thus, whereas xyloglucan oh-
gosaccharides are subjected to both transgl.ycosylation 
and hydrolysis, oligo-GalAs are subjected only to 
hydrolysis. 
3.7. Glycolipids yield uronic acid-containing 
oligosaccharides in vivo 
The major uronic acid-containing oligosaccharide 
secreted by cultured rose cells is not of pectic origin 
but is probably related to a phytoglycolipid. In the 
experiments which demonstrated the absence of in 
vivo formation of biologically active oligo-GalAs in 
cultured rose cells, the culture filtrates revealed a novel 
acidic oligosaccharide which on acid hydrolysis gave 
GIcA rather than GalA [38] and thus did not appear to 
be of pectic origin. More detailed structural analysis of 
this oligosaccharide was possible by a combination of 
in-vivo radiolabelling and NMR analysis [83]. Exog-
enous D-[6- ' 4C]-GIcA efficiently radiolabelled the 
novel oligosaccharide, and chromatographic and elec-
trophoretic analyses showed that it was a trisaccharide 
with one acidic residue. On acid hydrolysis, the 
' 4C-trisaccharide rapidly yielded an acidic ' 4C-
disaccharide (plus presumably an undetectable non-
radioactive monosaccharide); the ' 4C-disaccharide 
was hydrolysed to ['4C]-G]cA  only slowly. By using 
the ' 4C-trisaccharide as an internal marker, it was 
possible to design a purification scheme which permit-
ted the isolation of mg quantities of the trisaccharide, 
which could then be studied by non-radioactive meth-
ods: severe acid hydrolysis yielded GIcA, Man and 
inositol; and HP 3C-NMR analysis of the trisaccha-
ride revealed its structure as a-D-mannopyranosyl-
(1 -*4)-a-D-glucuronopyranosyl-( I -2)-myo-inositol 
(MGI), which was supported by electro-spray mass-
spectrometry (mlz = 519.1 for the [M+l] ion, as 
required if MGI was C 18H300 17 ) [83]. 
In rose cell cultures. MGI was secreted predomi-
nantly during the phase of most rapid cell growth and 
accumulated to a concentration of about l.5 xM, 
making it the most abundant extracellular acidic oh-
gosaccharide in these cultures [82]. MGI was also 
secreted by cultured Acer cells, but not by cultures of 
two graminaceous monocots, Festuca sp. and maize. 
Exogenous ' 4C-MGI was relatively stable in the pres-
ence of cultured rose cells, undergoing little if any 
hydrolysis, transglycosylation, binding to the cells or 
uptake during 3-d incubation. Kinetic studies of MGI  
biosynthesis, using [' 4C]-GIcA feeding in vivo, 
showed that ' 4C-MGI started to appear in the medium 
only after a 5-h lag and continued to accumulate for 
some time after depletion of the [' 4C]-G]cA sup-
ply [82]: these observations indicate that MGI was 
formed secondarily, probably by breakdown of a 
pre-formed 'polymer'. A similar conclusion was 
reached, through similar methods, for the in-vivo 
production of the biologically active oligosaccharide 
of xyloglucan, XXFG [59]. 
MGI is a novel, non-reducing trisaccharide, unusual 
in containing myo-inositol, which is not known to 
occur in plant cell wall polysaccharides. If MGI were 
produced by enzymic hydrolysis of a wall polysaccha-
ride, the latter would have to possess a Man-GIcA-Ins 
group at the 'reducing' terminus. Such a polysaccha-
ride would, on acid hydrolysis, release the relatively 
acid-stable dimer., ct-D-glucuronopyranosyl-(1--->2)-
myo-inositol (GIcA-Ins). However, [umnate-' 
labelled rose cell walls yielded no GIcA-Ins upon acid 
hydrolysis, indicating that no such precursor polysac-
charide existed. An alternative hypothesis is that the 
'pre-formed polymer' does not itself possess an inosi-
tol residue but acts as the donor substrate of a 
transglycosylation reaction in which a disaccharide 
moiety is transferred from glucuronomannan (donor 
substrate) to the 2-position of free myo-inositol (accep-
tor substrate): 
M-G-M-G-M-G... + Ins - M-C-Ins + M-G-M-G... 
(glucuronomannan) 	 (MGI) 
Glucuronomannan is a minor hemicellulose with the 
repeating backbone unit (a-D-Manp-( 1 -*4)-3-D-
GlcpA-( 1.-*2)-) [44, 63, 74]. The postulated transgly-
cosylation reaction (with inversion ((3 to a) of the 
anomeric configuration of the GIcA residue) could 
indeed yield MGI. However, no [urnnate-'4C]-labelled 
rose polysaccharide was detected that yielded MGI 
when co-incubated with cultured rose cells. It thus 
seems unlikely that glucuronomannan is the precursor 
of MGI. 
A more plausible alternative hypothesis, also com-
patible with the chemical structure of MGI, is that the 
'pre-formed polymer' from which it arises is a 
membrane-bound phytoglycolipid (= glycophospho-
sphingolipid). Phytogl.ycohipids have the core structure 
(GIcA-,nyo-inositol--phosphate-ceramide) [20, 45, 54], 
to which additional sugar residues are attached, as in 
u-D-Manp-(1 -.2) 
cz-D-GIcpN-(I--*4)-a-O-GIcpA-(1-46)-myo-inOsitoI- 1-phosphate--ceramide 
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[45] as well as larger, incompletely characterised 
structures. The structural similarity of MGI, 
(i-D-G IupA-) I —>2 )-mo-i flosi tol 
to phytoglycolipids suggests that MG] is formed by 
the action of a phosphodiesterase on a phytoglycolipid. 
In animals, water-soluble 'inositol-phosphoglycans' 
(IPGs) (structurally related to MGI but possessing a 
phosphate group) are released from m ri enibrae-bou nd 
glycosyl-phosphatidylinositols, possibly by the action 
of' a non-standard phospholipase C (figure 2), and 
function as second messengers in the action of certain 
hormones such as insulin [19. 86].  lPGs fall into two 
categories, defined by biological effect: type 'A' lPGs 
inhibit cAMP-dependent protein kinase from heart 
tissue, decrease levels of PEP carhoxykinase mRNA in 
hepatoma cells and stimulate lipogenesis in aclipo-
cytes: type 'P' I PGs stimulate pyi'uvate dehydrogenase 
phosphatase from heart tissue and both types stimu-
late libroblast proliferation. 
Exogenous mvo-inositol has long been known as a 
'vitamin', beneficial to growth and cell division in 
plant tissue cultures [55]. Although its mode of action 
has never been satisfactorily explained [9], a role in 
phospholipid metabolism seems plausible. Phospholi-
pase C activity operates in plant cells in vivo, releasing 
i nositol I ,4.5-trisphosphate from membrane-bound 
phosphatidylinositol 4.5-hisphosphate [13]. It seems 
plausible that this or a different phospholipase C acts 
on phytoglycolipids to release IPGs. The correlation of 
phyloglycol ipid expression with nodulation in pea 
roots 168] suggests a significant physiological role ft)r 
them. It appears possible that MGI (and/or its phos-
phate) serves a signal-transduction role in plants simi-
lar to that of IPGs in animals. 
Preliminary evidence in support of this type of role 
has been obtained: exogenous pure MGI (10— 
I 0--s g-L' ) inhibited ['4C]-leucine  incorporation into 
proteins and promoted the formation of isodityrosine 
when applied to living rose cells, and could thus be 
considered as a novel signalling molecule 1811. It thus 
appears possible that glycosylinositols and/or I PGs are 
a novel type of lipid-derived oligosaccharin that may 
contribute to the control of metabolism, growth and 
development in higher plants. 
4. CONCLUSION 
In conclusion, pectic oligosaccharicles with regula-
tory effects on plant metabolism occur naturally in 
healthy (non-diseased) ripening fruits but not in rap-
idly growing rose cell-suspension cultures. The pres-
ence of a pectin-specific enzyme in the plant cell wall 
is shown to be no guarantee that this enzyme acts on 
wall-bound substrates in living plant cells, and the 
mere presence of its mRNA in the cytoplasm is even 
less convincing evidence for the enzyme's action in 
the wall. The in-vivo action of wall enzymes on 
endogenous substrates can be better studied at the 
level of carbohydrate metabolism in vivo than by 
assay of extracted enzymes in vitro. We conclude that 
investigation of naturally occurring carbohydrates and 
their metabolism in vivo is likely to lead to the 
discovery of novel, potent oligosaccharins. 
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Fingerprinting of polysaccharides attacked by hydroxyl radicals in vitro and 
in the cell walls of ripening pear fruit 
Stephen C. FRY', Jo C. DUMVILLE and Janice G. MILLER 
The Edinburgh Cell Wall Group, Institute of Cell and Molecular Biology, The University 01 Edinburgh, Daniel Rutherford Building, The Kings Buildings, 
Mayfield Road, Edinburgh EH9 3JH, U.K. 
Hydroxyl radicals ('OH) may cause non-enzymic scission of 
polysaccharides in r'fro, e.g. in plant cell walls and mammalian 
connective tissues. To provide a method for detecting the action 
of endogenous 'OH in run, we investigated the products formed 
when polysaccharides were treated with 'oH (generated in situ 
by ascorhate-H0-Cu" mixtures) followed by NaB'l-1,. Treat-
ment with 'OH increased the number ofNaBH 1 -reacting groups 
present in citrus pectin, homogalacruronan and tamarind 
xyloglucan. This increase is attributed partly to the l'orination of 
glycosulose and glycosulosuronic acid residues, which are then 
reduced back to the original (but radioactive) sugar residues and 
their epimers by NaB'H . The glycosulosc and glycosulosuronic 
acid residues were stable for > 16 h at 20 C in ethanol or butler 
(1+114.7), but were destroyed in alkali. Driselasc-digestion of the 
radiolabelled polysaccharides yielded characteristic patterns of 
'I-I-products. which included galactose and galacturonate from 
pectin, and isoprimeverose, galactose, glucose and arabinose 
from xyloglucan. Pectin yielded at least eight 3 H-labelled anionic 
products, separable by electrophoresis at p1 -I 3.5. The patterns of 
radioactive products form useful 'fingerprints by which 'Oil-
attacked polysaccharides may be recognized. Applied to the cell 
walls of ripening pear ( Pvrus coninrunis) fruit. the method gave 
evidence for progressive '01-I radical attack on po]ysaccharides 
during the softening process. 
Key words: active oxygen species, galacturonan, glycosulose 
residues, glycosulosuronate residues, heniicellulose. scission 
(non-enzymic). 
INTRODUCTION 
Copper ions, complexed with plant cell wall polymers, may lead 
to the production of the hydroxyl radical ('OH), a highly reactive 
species that can cause non-enzymic scission of polysaccharides. 
Such scission may loosen the cell wall and thereby promote 
certain important physiological processes such as plant cell 
expansion and/or fruit softening [I]. This potential mechanism 
of wall-loosening is additional to the various proposed protein-
catalysed mechanisms, e.g. involving xyloglucan endo-
transglycosylases [2] and expansins [3]. 
The *OH radical is generated in a non-enzymic - Fenton 
reaction' between Cu and H0. [4]: 
Cu +H 2O—'OH+OHi-Cu 2 
This reaction may well occur in the walls of living plant cells 
because the reactants. Cu' and can both be generated 
there by either ascorbate or superoxide (0.• - ). 
Ascorhate. which has frequently been reported [5.6] to occur in 
the apoplast (aqueous solution that permeates the cell wall), can 
non-cnzymically reduce wall-bound Cu to Cu'. and 0. to 1 -LO. 
[7], among various oilier proposed biological roles [S]. Dehydro-
ascorbate can also reduce Cu [I]. Thus ascorbate. in the 
presence of O and catalytic amounts of Cu, can generate '01-1 
[I]. There are several reports Of exogenous ascorbate promoting 
cell expansion [9-11] and of endogenous ascorbate (plus 
dehydroascorbate) concentrations being correlated with growth 
rate [6]. It is possible that these observations are attributable to 
ascorbate's ability to generate wall-loosening 'OH. 
Alternatively. superoxide (and/or its tin-ionized equivalent, 
the hydroperoxyl radical. 1-10;) can non-enzymically reduce 
Cu ° to Cu'. and superoxide can be enzymically or non-
enzymically disproportionated to form H.0.. It is therefore 
interesting that treatment of plants with growth-promoting doses 
of auxin appears to promote the activity of plasmalemniar 
NADH oxidase, which generates apoplastic superoxide [12-- 14]. 
Reduction of 0. to I-LU., can also be achieved in inn by the 
action of amine oxidases, oxalate oxidases and related enzymes 
[15.16]. 
It thus seems probable that 'OIl production occurs in plant 
cell walls in run, whether by the action of ascorhate. superoxide 
or both. Such 'OH production has indeed been reported in 
elicitor-treated rice cells [17]. However, the hypothesis that 'OH 
is generated in the apoplast of a healthy plant cell is difficult to 
test experimentally. Even if 'OH can he detected in healthy 
tissue, e.g. by F1'R spectroscopy [17] or by their ability to cause 
aromatic hydroxylation of probes such as phenylalanine and 
salicylate [18.19], it is not a simple matter to determine whether 
the radicals were present in the apoplast (and thus potentially 
able to loosen the cell wall) or in an intraprotoplasmic com-
partment. Furthermore, in plants, the phenols produced by 
aromatic hydroxylation are likely to be further metabolized 
bythe action of peroxidases, making quantification dillicdilt. 
'OH cause the non-enzymic scission of polysaccharides in nun, 
including hyaluronate [20,21], chitosan [22]. pullulan [23] and 
plant cell wall polysaccharides such as xyloglucan and pectin 
[1.24.25]. Xyloglucan (a hemicellulose) is a key polysaccharide in 
the primary cell walls of dicotyledonous plants where it is 
thought to act as a molecular tether, interconnecting adjacent 
Abbreviations used: BAW, butan-1-ol/acetic acid/water (12:3:5, byvot.): DR. degree of polymerization: EAW. ethyl acetate/acetic acid/water )1O:5:6, 
by vol.): EPW, ethyl acetate/pyridine/water (8:2:1, by vol.): IF. isoprimeverose [x-D-Xylp-(1 -. 6)-D-Gtc]: '17n0'  etectrophoretic mobility relative to that of 
orange G chromatographic mobility relative to that of gatacturonic acid. 
1  To whom correspondence should be addressed (e-mail S.Fry(Ed.Ac.UK). 
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microfibrils and thus restraining cell expansion [2,26,27]. Pectins 
[polysaccharides based on (1 -. 4)-a-o-galacturonan] are also 
major components of the plant cell wall and middle lamella; 
pectin degradation is thought to be central to the process of 
tissue softening during fruit ripening [28]. 
Damage to polysaccharides by 'OH in an aerobic environment 
can in principle be recognized by the products of the following 
sequence of reactions [29]: (a) OH acts on a polysaccharide to 
abstract a carbon-bonded F-i atom and thereby form a carbon-
centred radical, (b) 0, is added to the latter, and (c) a hydro-
peroxyl radical (HO,'; or its ionized form, O)  is eliminated, 
leaving an oxo group [30]. If reaction (a) involves 'OH attack at 
position 1,4 or Sofa hexopyranose residue, the polysaccharide 
chain is rapidly cleaved [31]. However, if the 0H initially 
attacks at position 2, 3 or 6, the product is expected to be a 
relatively stable glycosulose ( = glycosone) residue, which should 
be reducible back to the original hexose residue, or an epimer of 
it, by NaBH4 [32]. We now report the detection and partial 
characterization of NaBH çreducible groups introduced into 
xyloglucan, pectin and galacturonan as a result of treatment with 
0H in the presence of 0 2 . 
The findings point to a convenient method of looking for the 
occurrence of 0H in a polysaccharide-rich sub-cellular com-
partment such as a plant cell wall. A related application would 
be the detection of 0H action in mammalian connective tissues, 
where 0H may contribute to the tissue damage associated with 
diseases such as arthritis [4]. The products of 'OH attack on 
polysaccharides could potentially be used diagnostically in the 
same way that 'OH-attacked DNA can be recognized by a 
'fingerprint' that includes 8-hydroxyguanine [33]. 
We also report the application of the fingerprinting strategy in 
an initial study of the wall polysaccharides of pear (Pyrus 
communis) fruit undergoing tissue softening; a climacteric fruit 
[34] whose softening has been reported to involve the par-
ticipation of active oxygen species [35]. 
MATERIALS AND METHODS 
Materials 
Tamarind xyloglucan (Mr  10) was generously given by Mr 
K. Yamatoya (Dainippon Pharmaceutical Co., Osaka, Japan). 
Driselase, citrus pectin and (1 -* 4)-a-o-galacturonan ('poly-
galacturonic acid') were from Sigma Chemical Co. (Poole, 
U.K.). NaB 3H4 was fromAmersham International (Bucks, U.K..). 
Driselase was partially purified as described in [36]. 
Chromatography and electrophoresis 
Chromatography was performed on Whatman 3MM paper by 
the descending method in the following solvents systems: ethyl 
acetate/acetic acid/water (10:5:6, by vol.; EAW) for 24 h; 
ethyl acetate/pyridine/water (8:2:1, by vol.; EPW) for 24 h; and 
butan-l-ol/acetic acid/water (12:3:5, by vol.; BAW) for 
16 h [37]. 
High-voltage electrophoresis was performed on Whatman 
3MM paper in acetic acid/pyridine/water (10:1:189, by vol., 
pH 3.5) at 2.5 kV for 35-45 mm with white spirit as coolant 
(20-30 °C) [38]. 
Assay of radioactivity 
Solutions were mixed with 10 vol. of OptiPhase 'HiSafe' scin-
tillation fluid (Wallac U.K., Milton Keynes, U.K.). Strips of 
chromatography paper were added to 2 ml of OptiScint scin-
tillation fluid. Both types of sample were assayed for 'H in a 
Beckman scintillation counter. The counting efficiency was 
approximately 50% in solutions and 7% on chromatography 
paper. 
Paper chromatograms and electrophoretograms were fluoro-
graphed after dipping through 7% (w/v) 2,5-diphenyloxazole 
('PPO') in diethyl ether [39] and/or cut into 1-cm strips for 
scintillation counting. For quantitative assay of the detected 
radioactive spots, the appropriate area of the paper was cut out 
and placed in scintillation fluid. Alternatively, for further quali-
tative analysis, the radioactive zones of paper were cut out, 
washed free of 2,5-diphenyloxazole with toluene, dried, and 
eluted with water by the method described in [40]. 
Acid and alkaline hydrolysis 
Saponification was by incubation in 150 m NaOH at 20°C for 
5 min followed by neutralization with acetic acid. Acid hydrolysis 
was conducted in a sealed tube containing 2 M trifluoroacetie 
acid at 120°C for I h; cooled trifluoroacetic acid solutions were 
loaded directly on to chromatography paper. 
Formation and stability of glycosulose residues in 0H-treated 
polysaccharides (experiment 1) 
0fl were generated in vitro by the action of ascorbate plus traces 
Of Cu' (i.e. a continuous supply of dilute Cu) on 1-1,0,. For 
degradation of xyloglucan or galacturonan with 'OH, 80 ml of 
a 0.8% (w/v) aqueous solution of the polysaccharide was 
incubated in the presence of (final concentrations) I ,cM CuS0, 
50 m sodium acetate (pH 4.7), 10 m H.,0, and 20 m 
ascorbate (added last), in an open flask (0, present), at 20 °C for 
8 h. Control polysaccharide solutions received no H 2O, and no 
ascorbate. Each solution was then dialysed against water, and 
the retained material was freeze-dried. Two portions were re-
dissolved at 0.64% (w/v) in water and immediately frozen at 
—20 °C. Additional portions were dissolved or re-suspended 
at 0.64% (w/v) in (I) pH 4.7 buffer (pyridine/acetic acid/ 
water, 1:1:98, by vol., containing 0.5% 1,1,1 -trichloro-2-
methylpropan-2-ol, a volatile, anti-microbial agent), (2) I M 
NaOH. (3) 6 M NaOH, or (4)80% ethanol, and incubated for 
16 h at 25°C (37°C in the case of 6 M NaOH). The alkaline 
solutions were then acidified with acetic acid and all the samples 
were dialysed against water. After adjustment to a concentration 
of 0.246 % (w/v) in water, IOU tl of each sample was added to 
10 pt of 12.7mM NaB'H, (70 TBq/mol) in I M NH,. After 
incubation in sealed vials at 20°C for 16 h, the lids were opened 
(in a fume hood) and most of the NI-I, was allowed to evaporate; 
the solution was then acidified by the addition of 1001i.] of 
pyridine/acetic acid/water (I: 1:33, by vol.), and after a further 
5 h to allow the evolved 'H, to disperse (in a fume hood), the 
solution was chromatographed in EAW. Polymeric material (R F  
0.00) was assayed for radioactivity. 
Qualitative analysis of 0H-attacked polysaccharides (experiment 
2) 
Each polysaccharide (I % w/v; tamarind xyloglucan or citrus 
pectin) was incubated in the presence of (final concentrations) 
I 1tM CuSO 4 , 50 m sodium acetate (pH 4.7), 0.5mM 1-1,0, 
and 0.6 mM ascorbate (added last), in an open flask (0,, present), 
at 20°C for 16 h. Identical polysaccharide samples were first de-
esterified and freed of endogenous reducing groups by incubation 
for 16 In at 20°C in 0.5 M NaOH containing 0.25 M NaBH, 1 
(non-radioactive) and then acidified with acetic acid. A third 
sample of each polysaccharide (control) was kept in ice-cold 
distilled water. Each sample was then dialysed against water and 
freeze-dried. A portion (1 mg) was re-dissolved in 0.75 ml of 
© 2001 Biochemical Society 
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water and 0.25 ml of 10 mM NaB 3 H (17 TBq/mol) in 1 NI NH,  
was added. 
After 16 h incubation at 20 °C, 0.5 mniol of acetic acid was 
added to destroy excess Nal3'H and the lI., was allowed to 
escape (in a fume hood). Ethanol (4 vol.) was then added and 
after 16 ii at 4 C the precipitate of 3 H-polysaccharide was 
collected by centrifugation. washed in 90,, and lOt) ethanol, 
dried, re-dissolved in 0.5 ml of pyridine/acetic acid/water 
(1: 1: 98, by vol.. p1-1 4.7) containing I (w/v) Driselasc 
partially purified) and 0.5 (w/v) I I. I -trichloro-2-
methylpropan-2-ol (volatile anti-microbial agent), and incubated 
at 20 °C for 48 h. The solution was then boiled t'or 20 inin to 
inactivate the Driselase. A 10 pl portion of the solution was 
assayed for total radioactivity, and replicate 80p] portions 
(each derived from $0 ,ig of polysaccharide) were subjected to 
chromatography or electrophoresis. 
Application of the method to ripening pear fruit 
Unripe 'Conference' pear (Pirus commuius) ponies ('fruit') were 
bought from a supermarket and stored at room temperature. At 
0. Il and 22 days after purchase (when the fruit were hard, 
medium and soft respectively), individual fruit were peeled and 
cored, and the white flesh from the distal (broad) end of the fruit 
was diced and transferred into a freezer ( -80 °C). 
Portions (8 g) of the frozen tissue were thawed into 32 nil 
of ethanol and then homogenized with an IJltraturrax. The 
alcohol-insoluble material was thoroughly washed at room 
temperature in 80 ethanol followed by methanol, chloroform/ 
methanol (1: 1, v/v), methanol again, phenol/acetic acid/water 
(2 1:1, w/v/v), DMSO/water (9: 1. v/v) and water. The final 
wall residue was freeze-dried. 
A portion (approx. 1.5 mg) of each sample of the freeze-dried 
cell walls was accurately weighed and suspended in water at 
0.2 (w/v) : 250 1d of 10 mM Na 131 -1 (17 TBq/mol) in I NI NH 
was then added and the sLispension was incubated at 20 ° C for 
16 Ii. Acidification, ethanol precipitation and Driselase digestion 
were as described above, 
RESULTS 
Formation and stability of glycosulose residues in 0H-treated 
polysaccharides 
OH-untreated xyloglucan contained one to two NaB 3 H -reacting 
groups per 1000 sugar residues (Table 1). This is about ten times 
the number ofsuch groups expected to be contributed by reducing 
Table 2 Incorporation of radioactivity from NaB 3 H 4 into xyloglucan and 
pectin 
See TaLle 1 for details. 
Number of 'H-labelled groups 
Sample 	Pre-treatment 	per 1900 sugar residues 
Xytoglucan 	NaSH, 1 -I- NaOH 0.68 
None (control) 0.65 
'OH radicals 14.6 
Pectin 	 NaSH 1 -t- NaOH 1.10 
None (control) 7.26 
'OH radicals 26.9 
terinim. The NaBrH  -reacting groups present in untreated 
xyloglucan were resistant to storage in alkali. 
After treatment of xyloglucan with 'OH, the number of 
NaB 3 1-1 -reducible groups increased 5-10-fold (Table I). mdi-
eating the lormation of glycosutose residues. The newly formed 
reducible groups withstood storage in buffer (i 14.7) and 
ethanol, freezing and dialysis, but were destroyed by alkali 
(Table I). This means that conventional hemicellulose extraction 
protocols [41] would not be useful for investigation of the 
presence of glycosulose groups in plant cell wall polysaccharides. 
Inclusion of 3 (v/v) acetone in the storage solutions did not 
affect the recovery of polymer-associated oxo groups (results 
not shown). 
'01-1-untreated ga tact uronan contained mote NaBH -reacting 
groups than untreated xyloglucan (Table 1). Most of these groups 
were resistant to alkali, showing that they were not esters. 
Treatment with '01 -1 increased the number of NaB 1 l-! - reducible 
groups detectable in galacturonan about 4-fold, again suggesting 
the introduction of new oxo groups. Like those introduced into 
xyloglucan, these oxo groups were destroyed by treatment with 
alkali but withstood treatment with butler and ethanol, freezing 
and dialysis (Table I). 
The concentrations of ascorhatc (20 mM) and H0. (10 mM) 
used in experiment I were higher than are likely to occur in the 
apoplast in iwo the aim was to maximize hydroxyl radical attack 
in this in vitro experiment. In experiment 2 (Table 2), lower 
ascorhate and 1 -1,0. concentrations were used, which are more 
likely to represent physiological concentrations polysaccharide 
Table 1 Effect of 'OH treatment and subsequent storage under various conditions on the number of NaB 3 H4-reacting groups in polysaccharides 
Values are means of duplicate treatments. We assume that the reduction products have 0.25 x the specific radioactivity of the NaB 3 1-1,1  and that the mean residue d. of xyloglucuv and galacturonan 
was 150 and 176 respectively. 
- Number of 3 1-1-Iabelled groups per 1000 sugar residues 
Xyloglucan Galacturunan 
Storage conditions between treatment ± 'OH Ratio of Ratio of 
and addition of NaB 3 H 4 'OH-untreated 'OH-treated treated/untreated 'OH-untreated 'OH-treated treated/untreated 
HO, - 20 °C 1.91 10.1 5.4 2.06 8.92 4.3 
pH 4.7 butter, 25 °C 1.27 12.6 9.9 2.39 991 4.2 
I M NaOH, 25°C 1.59 229 14 1.19 1.69 1.4 
6 M NaOH, 37°C 1.45 1.94 1.4 1.69 0.95 0.6 
80% Ethanol, 25°C 1.16 11.0 9.6 2.18 7.90 3.7 
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in experiment I acting as a scavenger of 0H and thus partially 
protecting the polysaccharides. 
XyI 











a 	to 	c 	a 	to 	e 	d 	m 
I  
xyloglucan 	pectin 
Figure 1 Neutral, low-fit, 'H-labelled products obtained from citrus pectin 
and tamarind xyloglucan 
The polysaccharide was pre-treated with (a) non-radioactive NaBH 4 + NaOH. (b) water or (c) 
0H. It was then treated with NaB'H 4 and digested with Driselase; the products were 
fractionated by paper chromatography in EPW and detected by tiuorography. (d) Control sample 
with no polysaccharide; (m) marker-mixtures stained with aniline hydrogen-phthalate; X2, 
xyloblose [fl-o-Xytp(1 -. 4)-o-Xyl]: X3. xylotriose. 
concentrations were kept approximately constant. However, the 
trend was for higher yields of OH-induced NaB'H,,-reacting 
groups to be produced in experiment 2 than in experiment 1. This 
apparent anomaly was possibly due the concentrated ascorbate 
There were more Na13'H, reacting groups in untreated com-
mercial pectin (experiment 2; Table 2) than in homogalacturonan 
(Table I). Nevertheless. 0H treatment still caused a 3.7-fold 
increase in NaB'H 4 reducible groups in pectin (Table 2), sup-
porting the idea that exposure to -OH in the presence of 0, 
creates glycosulose residues. About 85% of the NaB'H, 1 -reacting 
groups in untreated pectin were destroyed by pre-treatment with 
non-radioactive NaBH 4 +NaOH (Table 2). 
We investigated the possibility that some of the NaB'H 4-
reducible groups in untreated pectin (Table 2) were methyl-
estcrified galacturonate residues, which might be reduced to 
[6- 3 H]galactose residues on treatment with NaB'l-1..  To investi-
gate the nature of the radiolabelled residues present, we digested 
the NaB'H 4-treated pectin with 'Driselase'. a mixture of fungal 
hydrolases capable of hydrolysing the major pectins (homo-
galacturonan and rhamnogalacturonan-l) to monosaccharides. 
However, the yield of ['H.]gatactose obtained after Driselase 
digestion of the NaB'H 4 -treated pectin was only approx. 6% of 
the total incorporated 'H (Figure I). Similar yields were obtained 
after hydrolysis with trifluoroacetic acid (results not shown). 
OH-treatment caused a 2.6-fold increase in the yield of 
['H]galactose (Table 3), presumably because - OH converted a 
proportion of the galactose residues present in citrus pectin to 
galactosulose residues. 
Most of the radioactive products of Drisetase-digestion were 
immobile on paper chromatography in EPW (a water-poor, 
high-pH mixture), indicating that they were oligomeric and/or 
acidic. These products also increased after - OH treatment 
(Figure I and Table 3). 
Table 3 Relative yield of 'H-labelled products obtained from variously pre-treated pectin by treatment with NaB 3 11 4 followed by Driselase 
OP indicates approximate degree of polymerization by comparison with malto-olfgosaccharides: 2 and 2' Indicate two spots both migrating near maltose; 1 Indicates material approximately 
co-migrating with galactose and galactijionic acid. The UP > 7 spot moved 1-2 can from the origin. For electrophoretic mobilities of anionic compounds 1-8. see Table 4. 
Method of analysis 3 11-iabeted Driselase-digestion product 
Relative yield from pectin pie-treated with: 
NaBH4/ NaOi-I 	None (control) 011 
Paper chromatography in EPW E 0 (acidic and/or ohgomeric products) 0.15 1.0 3.9 
Galactose 0.18 1.0 2.6 
Paper chromatography In EAW DIP >? 0.15 1.0 3.6 
ON 	 . 0.13 1.0 4.0 
0P3 0.07 1.0 2.8 
DP2 0.14 1.0 3.3 
DP2' 0.20 1.0 2.4 
DPi 0.21 1.0 6.7 
Difference' Acidic monomers 0.18 1.0 9.1 
High voltageelectrophoresis at pH 3.5 Neutral compounds 0.25 1.0 3.0 
Anionic compound 1 0.13 1.0 7.9 
Anionic compound 2 0.22 1.0 3.0 
Anionic compound 3 0.19 1.0 5.0 
Galacturonate 0.15 1.0 7.7 
Anionic compound 5 0.12 1.0 .6.5 
Anionic compound 6 0.09 1.0 4.3 
Anionic compound 7 0.06 1.0 8.7 
Anionic compound 8 0.24 1.0 25.8 
Total monomers (DPi in EA 	minus galactose (EPW). 










a 	b 	c 	a 	b 	c 	d 	in 
xyloglucan 	pectin 
Action of hydroxyl radicals on polysaccharides 	733 
• -- 
'---- 













Figure 2 Neutral and acidic, low- to moderate-M r 3 11-1-labelled products 
obtained from citrus pectin and tamarind xyloglucan 
Details as in Figure 1, except that chromatography was in EAW. M2 Mi, rrialtose to 
maltoheptanse. 
Acidic and oligomcric sugars are mobile in EAW (a water-
rich. low-pH mixture). EAW chromatography o the Driselase-
digestion products indeed gave mainly mobile :'H-labelled 
products, confirming that Drisciase efficiently digested all the 
pectin samples. The major "H-labelled spot co-migrated with 
monomeric hexoses (galacturonic acid and galactose -, not fully 
resolved from each other) (Figure 2). By subtraction of the 
known (small) [ 1 H]galactose content, the acidic material in this 
monosaccharide' spot was shown to be increased 9-fold by 
OI-l-treatment (Table 3). In addition, at least six :rHl. t bc ll cd 
oligosaccharides were present in the digest of OH-treated 
pectin (Figure 2). Their R, values indicated that these 
1 l-oligosaccharides had a degree of polymerization (DP) z 2-5 
and > 7 (by reference to marker oligogalacturonides and malto-
oligosaccharidcs), although two spots in the dimer region pre-
dominated. The yield of each ' 1 1-1-labelled product was increased 
by 0H pre-treatment and decreased by pre-treatment with non-
radioactive NaBI 1 1 /NaOl-1 (Table 3). 
High-voltage electrophoresis (pH 3.5) of' the pectin digestion 
products gave at least eight radioactive anions ( l--8) in addition 
to a spot of neutral material (Figure 3: Table 3). Compounds 1 8 
were individually eluted t'rom the (unstained) electrophorelograni 
and subjected to saponification followed by (i) chromatography 
in BAW or (ii) re-electrophoresis at pH 3.5. The results (Table 4) 
indicate diverse products. ranging from acidic disaccharides 
to highly acidic monomers. Compounds I. 2.3 and 7 appeared to 
be disaccharides, as judged by chromatography in BAW. Com-
pound 3 was the only one to change in elect rophoretic mobility 
Figure 3 Acidic 3H-labelled products obtained from citrus pectin and 
tamarind xyloglucan 
Details as or Figure 1, except lhal fractionation was by electrophoresis at pH 3.5 and the 
markers were stained with AgNOx. 
after saponification. suggesting that it contained a lactone or 
ester group. Compound 4 was free galacturonic acid, as shown 
by exact co-chromatography and co-electrophoresis with internal 
markers of' authentic galacturonate. Compounds 5, 6 and K had 
high R. 1 values in BAW (where R 1 is chromatographic 
mobility relative to that of' galacturonic acid). suggesting that 
they were monomeric. Compounds 7 and K had very high 
electrophorctic mobility, indicating a charge: mass ratio at ph I 3.5 
greater than that of the dicarboxylic acids, galactaric and glucaric 
acids. 
r4'H]Galactonate, the product expected of NaBH reduction 
of' the reducing terminal galacturonate moiety of pectin, was 
undetectable in the Drisciase digests [the difference in in, values 
(where in, is elect rophoretic mobility relative to that of orange 
G) of 0.01 between compound 2 and an internal marker of 
authentic galactonate (Table 4) corresponded to a clear 3-4 mm 
mis-match of spot centres on the Iluorogram and subsequently 
stained elect roph ore tograin. and thus a clear demonstration of 
non-identity]. Thus. NriB 5 I-h 1 -labelhing of the reducing terminus 
of pectin did not contribute to the detected anionic products. All 
the II  I-labelled products t'ound at'tcr treatment of pectin with 
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Table 4 Characteristics of eight anionic, 3 11-labelled products obtained after treatment of pectin with 0H, NaB°H 4 and Driselase 
Electrophoretic markers glucose and orange 8 ran approx. 16 and 362 mm towards the anode respectively. The m0 values are corrected for electro-erido-osmosis by reference to glucose ( 
= 0). in c., no change; nd., not determined. 
Initial 	Alter saponification 
MUG * 	 a50 ' 	 R514t 	Proposed nature of product 
0.350 n.c. 0.34 Disaccharide; not ester/lactone 
0.425 n.e. 0.71 Disaccharide( 7); 	not ester/lactone 
0.505 0.690 0.53 Disaccharide; lactone or ester 
0.550 n.e. 1.00 Galacturonate 
0.605 n.e. 1.39. 1.431 Monomers; not ester/lactone 
0.680 n.e. 1 .41 Monomer; not ester/lactone 
0.825 n.e. 0.53 Dimer(2); very high charge; mass ratio 
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Gala eta rate 
Glu car ate 
Orange 6 
* Paper electrophoresis at pH 3.5. 
t Paper chromatography in flAW. 
Two compounds not resolved by electrophoresis. 
Table 5 Relative yield of 311-labelled products obtained from variously pre-treated xyloglucan by treatment with NaB3H4  followed by Driselase 
Method of analysis ° H-labelled Driselase-digestion 	product 
Relative yield from vytoglucan pre-treated with; 
Na6HrJ NaOH 	None (control) 	011 
Paper chromatography in EPW R 	0 (acidic and/or oligomeric products) 1.03 1.0 22.2 
Disaccharides 1.05 1.0 	, 27.5 
Galactose 1.33 1.0 48.8 
Arabincse 0.25 1.0 51.1 
Paper chromatography in EAW* OP > 7 0.63 1.0 35.3 
DP6 1.20 1.0 44.8 
DPI-S 1.32 1.0 25.5 
0P4 1.78 1.0 263 
DP3 1.04 1.0 383 
DP2 1.12 1.0 15.8 
11 1.33 1.0 31.5 
lP 0.59 1.0 65.5 
DPi 0.74 1.0 22.5 
High-voltage electrophoresis at pH 15t Neutral compounds 0.93 1.0 37.2 
Anionic compound A 1.24 1.0 30.9 
Anionic compound B 0.70 1.0 72.9 
Anionic compound C 0.15 1.0 201 
For an exptanation. see Table 3; note that IP, although a disaccharide, migrates between maltose and galactose. 
t Anionic compounds A, B and C had a05 values of approx. 0.21, 0.26 and 0.37 respectively (compare with Table 4). 
01-i, NaB 5H4 and Driselase were also obtained, though in 
smaller quantities, when the 0H step was omitted. It thus seems 
possible that the commercial (control) citrus pectin had already 
been exposed to a source of 0H during production or storage. 
The highly charged compound 8 was the one which showed the 
greatest increase in 3 H-labelling alter deliberate 011-treatment 
(Table 3), indicating that this compound will be useful in  
'fingerprinting' pectin to show whether it has been attacked by 
014. 
Xy)og Eu can 
As in experiment I, untreated xyloglucan already contained a 
small number of NaW11 4-reacting groups; the number of these 
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Distance migrated (cm from origin) 
Figure 4 3H-labelled products formed from pear fruit cell walls after 
treatment with NaB 3 ll4 followed by Driselase 
Soluble products weal svb;nctrrd ro papei chromatography in tAM (a), [PM )b) or to high-
voltage electrophoresis at p1-I 3.5 (c). The pear fruits were hard (V), medium )) or sot) ((>); 
data for a blank in which no cell walls were present are also presented (Q). The positions of 
external markers on the same chromatograms and electrophnretogram are indicated (S). 
The positions at compounds B (see Table 5) and 8 (see Table 4) are indicated on the 
electrophoretogram. The histograms show radioactivity (released by digestion of tOO ,g of 
NaB 3 1-I, 1 -treated cell walls) per cm of chromatography paper. 
Table 6 Changes in (non-radioactive) cell wail composition during pear 
fruit ripening 
Pear fruit cell walls were isolated as alcohol-insoluble residues, treed at protein and starch by 
use of phenol and OMSO respectively, then digested with Oriselusn. The digestion products 
were chroinatographeit in EPW followed by ethyl acetate/pyridine/water (10:4:3. by vol.): final 
distances migrated (cm from origin) were GalA, 5.2: IP, 18.6: Gal. 23.8: Glc, 28.4; Man, 33.6; 
Ara, 36.8 (a trace at munnose was present as a Driselase autolysis product). Relative abundance 
is indicated as the visual score on a paper chronralogram utter staining with aniline hydrogen-
phthalate [37]. 
Relative abundance in Driselase digest of: 
Stage of fruit 	GalA 	IP 	Gal 	GIc 	 Ara 
Hard 	++++ 	± 	+ 	++++ 	++++ 
Medium +± 	± + +-t+± + 
Soft 	± ± 	+ 	-l-±+± 	- 
in the control: [Fl]arabinose was the spot which showed the 
largest difference (Table 5). There was little difference between 
the control and the NaOH/NaBI I -pie-teated xyloglucan 
therefore the slight Na Bl-I-labelling which occurred in the 
absence of deliberate 0H treatment is a process that can occur 
anew, even a short time after treatment with non-radioactive 
NaBFI. The most likely explanation of this would appear to be 
1-1-exchange between the polysaccharide and NaBH or a 
contaminant thereof. 
Essentially all the radioactivity migrated away from the origin 
in EAW (Figure 2). indicating that Driselase had degraded the 
[1 l]xyloglucan to products of DP < ID. Individual 3 H-oligo-
saccharides cannot be identified in this analysis, but discrete 
molecular species were clearly present (Figure 2) which differed 
from each other, in the proportion by which the yield from '01-1- 
treated xylogluean exceeded that from controls and would 
therefore be useful in the diagnosis of OFl radical damage 
(Table 5). 
Most (approx. 800,)  of the E-I-labclled material from '01-1- 
treated xylog[ucan was elect rophoreticafly neutral at pH 3.5 
(Figure 3). The anionic products of xyloglucan were in general 
slower-migrating than those of pectin, suggesting oligomers in 
which only a minority of the residues were anionic. The yield of 
one of these anionic compounds (compound B) was particularly 
strongly enhanced by 0H pre-treatment of the xvlogluean 
(Table 5). 
increased 23-fold upon treatment with 01 -1. Pre-treatment of 
xyloglucan with non-radioactive Na RH + NaOI-1 did not dim-
inish the number of groups subsequently labelled by NaB 3 H 
(Table 2). 
Driselase contains endo- and exo-hydrolases capable of es-
sentially complete hydrolysis of xyloglucan. except that there is 
no co-D-xylosidase activity and therefore a major product is -o-
Xylp-( I —* 6)-o-Glc (isoprimeverose: IP). Driselase digestion of 
the NaBil  1 1 -treated. 01 -1-attacked xyloglucan gave the fol-
lowing products, as resolved by paper chromatography in EPW, 
in order of decreasing radiochensical abundance: immobile 
material (acidic sugars and/or products of DP greater than 
approx. 3) > [ 1 lljdisaccliarides > > [ 3 H]glucose > 
[ 3 H]arahinose (Figure 1). These products were 20 50 times 
more heavily radio-labelled in the 01-1-treated xyloglucan than 
Evidence for 0H attack in pear fruit cell walls 
When cell walls isolated from hard, medium and sott pear fruit 
were treated with NaBt-1 and then Driselase digested, the 
soluble products contained respectively 0.66, 0.75 and 1.45 
H-labelled groups per 1000 wall sugar residues (assuming an 
average residue has a r1vi of 162). Thus there was evidence for a 
progressive increase in NaBI -1-reducible groups during the 
process of fruit softening. This supports the hypothesis that, 
during ripening. glycosulose residues were formed by - 01-1 radical 
attack on wall polysaccharides. 
Paper chromatography in EAW (Figure 4a) indicated that the 
radioactive products included monosaccharides and oligo-
saccharides ranging from DP2 to > ID. Driselase digestion of 
highly purified cell walls to yield 3-l-labelled monomers and 
oligonicrs is strong evidence that the radiolabelled residues were 
components of cell wall polysaccharides. The yield of 
© 2001 Biochemical Society 
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3 1-1-labelled material of each size-class increased as fruit softening 
progressed. 
Paper chromatography in EPW (Figure 4b) revealed neutral 
monomers and dimers, most of which also increased in radio-
chemical yield during fruit softening. Staining of an identical 
chromatogram demonstrated developmental changes in wall 
composition; arabinose and galacturonate residues strongly 
diminished (Table 6), indicating solubilization of pectic poly-
saccharides associated with fruit softening. 
Electrophoresis at pH 3.5 (Figure 4c) showed that the major 
products were neutral, but that several anionic products were 
also present: °H-labelled species that showed a particularly 
pronounced increase in yield included anionic compounds that 
co-migrated with compound B (Table 5) and compound 8 (Tables 
3 and 4), two products that showed large increases in yield when 
xyloglucan and pectin respectively, were artificially treated with 
OH. 
DISCUSSION 
The results show that 0H treatment of xyloglucan and pectin, 
two major polysaccharides of the primary cell wall in higher 
plants, introduces a range of NaBnH4reducible  residues. 
In the case of pectins, most of the 8 H-labelled products, 
released by Driselase, were in the form of at least eight different, 
low-M,, anionic products. These were well resolved by high-
voltage electrophoresis at pH 3.5. One of these products was 
identified as [°H]galacturonate. This would be formed after -OH 
radical attack on position 2 or 3 of a pectic galacturonate residue 
followed by the reaction sequence shown (Scheme 1). Driselase 
contains endo-polygalacturonase and a-n-galacturonidase ac-
tivities, which together release a-D-[ 3 H]galacturonate residues 
as the free monosaccharide. 0H attack at position 2 or 3 would 
yield not only a-D-[3 FT]galacturonate residues but also the 
2- or 3-epimer, a-D-[ 1 1]taluronate and a-n-[ 3H]guluronate 
residues respectively; however, Driselase probably lacks the 
a-taluronidase and a-guluronidase activities necessary to release 
these epimers as free monosaccharides. The products would 
therefore be likely to include Driselase-resistant disaccharides 
such as a-o-[°H]TaIA-(l —, 4)-D-GaIA and a-o-[ 3 H]GulA- 
(I —* 4)-n-GalA. Such products probably account for some of 
the 'dimers' reported in Table 4. 
000H 	 COOH 	 000H 
GalA-C 






	 0-GalA GaLA 
(1) 	 (2)H0 	(3)H0 )  
000H 	 COCH 	 COCH 
GalA-C GaLA-C 
OH 	
NaB'H4 GaLA - 
	
+ OH  
 
o 	 (5) HO 	 (5') 
3H 0 GalA 
Scheme 1 Proposed effect of 011 radical attack on a pectic qalacturonate 
residue (1) under aerobic conditions 
GalA refers to a neighbouring galacturonate residue in the pectin chain. The scheme arbitrarily 
stows the initial attack occurring at position 2 of the gatacturonate residue. The gatacto-
sulosuronic acid residue (4) can be reduced by NaB ° H 4 to two epimeric, radioactive products 
(5 and 5'). 
No free [°I-I]glucuronate was obtained. OH attack at position 
4 or 5 (or 1) of a pectic galacturonate residue would be expected 
to lead to polysaccharide scission [29] and would not generate n-
[ 3H]glucuronate or L[aH]altruronate,  the 4- and 5-epimers of 
D-galacturonate respectively. 
In the case of xyloglucans, the major products were neutral 
monosaccharides and a considerable range of oligosaccharides. 
Although [H]arabinose was a minor product, it more than the 
others was increased in yield by -OH treatment. This may be 
because arabinose is a minor component of xyloglucan, thus the 
great majority of the [ 3 l-J]arabinose would be formed by NaWH 4 
reduction of 0H-generated xylos-4-ulose residues rather than 
by :Lu.exchange  with existing arabinose residues. 
Small amounts of acidic :IH.products  were generated from 
xyloglucan, although these had lower charge:mass ratios than 
those obtained from pectin and therefore appeared to contain a 
higher proportion of neutral sugar residues. Intact tamarind 
xyloglucan is neutral [42], so the acidic groups were themselves 
a result of OH attack. 
Although many of the 'H-labelled products in the 'finger-
prints' presented here remain to be identified, their electro-
phoretic and chromatographic mobilities should serve as a 
valuable diagnostic tool for the recognition of pectin and 
xyloglucan that had been attacked by 0H in vivo. Experiments 
on the stability of glycosulose residues show that the poly-
saccharides to be tested for indications of 0H attack ought not 
to be extracted by the alkalis conventionally used for extraction 
of hemicelluloses. 
Application of this methodology in an initial study of pear 
fruit gave evidence for a gradual increase in NaB 3 H4-reducible 
groups within the polysaccharides of the cell wall and/or middle 
lamella during the process of fruit softening. This suggests that 
the 0R-initiated formation of glycosulose residues occurred in 
the extraprotoplasmic polysaccharides of ripening pears. The 
introduction of glycosulose residues would not of itself cause 
scission of the polysaccharide chains, but the formation of such 
residues accompanies the 0H-initiated scission that occurs 
when an 01-I radical abstracts the C-bonded H atom from 
position 1, 4 or 5 of a (1 . 4)-linked pyranose residue [31]. 
Future work is required to identify the nature of the poly-
saccharides targetted by tH in the cell wall and middle lamella 
and the precise timing of the radical attack relative to the onset 
of fruit softening. 
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